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In t roduc t ion  

The su r face  teioperature of pyro lyz ing  and/or  burning coa l  p a r t i c l e s  has  been 
the  sub jec t  of in t ens ive  i n v e s t i g a t i o n  (1-6) because i t  i s  important i n  the 
e s t ima t ion  of the  r a t e  of d e v o l a t i l i z a t i o n  and/or carbon oxida t ion .  A number of 
models have been e s t ab l i shed  i n  o rde r  t o  p red ic t  the  su r face  temperature of 
pu lver ized  c o a l  p a r t i c l e s  smaller than  200 pa diameter.  However, few convinc ing  
models f o r  mi l l ime te r  s i z e  coa l  p a r t i c l e s  have emerged because of t he  compl ica t ion  
of temperature g rad ien t s  w i th in  the  p a r t i c l e .  

The i g n i t i o n  mechanism of coa l  p a r t i c l e s  in a hot  ox id i z ing  atmosphere is 
another  s u b j e c t  of deba te  ( 5 - 8 ) .  Fur the r  exper imenta l  work i s  needed t o  de te rmine  
whether i n i t i a l  i g n i t i o n  occurs  homogeneously in t h e  gas  phase o r  he te rogeneous ly  
a t  t he  p a r t i c l e  sur face .  

The work presented here  had th ree  ob jec t ives :  f i r s t l y ,  t o  develop a 
technique t o  monitor t he  t r a n s i e n t  temperature v a r i a t i o n s  i n  the  gas phase around 
a s i n g l e  p a r t i c l e  dur ing  py ro lys i s  and lo r  combustion; secondly,  t o  e x t r a p o l a t e  t he  
da t a  t o  estimate the p a r t i c l e  su r face  temperature;  and t h i r d l y ,  t o  ana lyze  the  
i g n i t i o n  mechanism of c o a l  and char  p a r t i c l e s .  

Experimental  Equipment 

A schemat ic  diagram of the  equipment is shown i n  Figure 1. For p y r o l y s i s  
s t u d i e s ,  a f low of p repur i f i ed  n i t rogen  was passed over copper a t  673 K t o  remove 
oxygen, then  through a d r i e r i t e  column t o  remove water. 
combustion. The r e a c t o r ,  a ho r i zon ta l  vycor tube of 8 mm i n t e r n a l  d iameter ,  is 
heated by two enc los ing  furnaces.  
gas while t h e  second main ta ins  the  r eac to r  a t  the  des i r ed  temperature.  

Dry a i r  waa used t o  s tudy  

The f i r s t  furnace  a c t s  t o  preheat t he  in-coming 

D e t a i l s  of the  sample i n j e c t i o n  and temperature measurement systems a r e  g iven  
in Figure  2. A s i n g l e  c o a l  p a r t i c l e  was in t roduced  by g r a v i t y  through an  
e l ec t romagne t i ca l ly  con t ro l l ed  i n j e c t o r .  A n  e l e c t r o t r i g g e r  was used t o  ene rg ize  a 
24 v o l t  (DC) so lenoid  which i n j e c t s  the  p a r t i c l e  i n t o  the  reac tor .  

A new approach was used t o  measure the  t r a n s i e n t  temperature v a r i a t i o n s  
around the  c o a l  p a r t i c l e .  A group of ex t ra - f ine  Chromel-Alumel thermocouples wi th  
0.05 mm d iameter  was employed t o  provide p rec i se  temperature measurement wi th  
rap id  response.  The thermocouples were pro tec ted  by two-hole ceramic tubes. Four 
thermocouples were bound toge the r  us ing  h igh  temperature cement t o  form a 
thermocouple a r r a y  (F igure  2) .  
temperature g r a d i e n t ,  t he  d i s t ance  between ad jacen t  thermocouples i n  the  a r r a y  was 
always the  same. In t h i s  s tudy ,  0.5 and 1.0 mm spac ings  were used. The vo l t age  
s i g n a l s  genera ted  by the  thermocouple a r r a y  were ampl i f ied  then conver ted  i n t o  
d i g i t a l  s i g n a l s  in the  da t a  a c q u i s i t i o n  system before  being aent  t o  the 
microcomputer. When the  p a r t i c l e  i n j e c t o r  was t r i gge red .  t he  computer was 

I n  o rde r  t o  s impl i fy  the  c a l c u l a t i o n  of the 
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au tomat i ca l ly  i n i t i a l i z e d  t o  record the  output  of t h e  thermocouples a t  2 
mil l i second i n t e r v a l s  and the  d a t a  s t o r e d  on d i s k  f o r  l a t e r  ana lys i s .  

Procedure 

The c h a r a c t e r i s t i c s  of the  Texas subbituminous c o a l  used a r e  shown in Table  
1. For  each  run a 1 mm d iameter  coa l  p a r t i c l e  was in j ec t ed  i n t o  the  r eac to r  
con ta in ing  e i t h e r  preheated n i t rogen  o r  a i r .  
cons tan t  a t  873 K f o r  a l l  t he  experiments repor ted  here.  Before p a r t i c l e  
i n j e c t i o n ,  t h e  g a s  f low w a s  stopped so t h a t  t he  experiments were c a r r i e d  Out 
e s s e n t i a l l y  in a s t a t i c  system. 
p a r t i c l e s  i n t o  t h e  r e a c t o r  swept by n i t rogen  a t  873 K f o r  30 minutes. 

The bulk gas  temperature was he ld  

C h a r  p a r t i c l e s  were prepared by i n j e c t i n g  coa l  

Resu l t s  and Discuss ion  

The tempera tures  measured by the  thermocouple a r r a y  a s  a func t ion  of time, 
and t h e  e x t r a p o l a t e d  su r face  temperatures of t he  s i n g l e  coa l  and char  p a r t i c l e s ,  
a r e  presented  in Figures  3, 4 and 5 f o r  coa l  p y r o l y s i s ,  coa l  combustion and cha r  
combustion. r e spec t ive ly .  A py ro lys i s  run i l l u s t r a t e d  by Figure  3 shows the 
tempera ture  v a r i a t i o n s  caused by the  t r a n s i e n t  hea t  t r a n s f e r  between t h e  hot gas  
environment and t h e  c o l d e r  coa l  p a r t i c l e .  The temperature p r o f i l e s  i l l u s t r a t e  t h e  
p r a c t i c a l  thermal  boundary l a y e r  in t h e  v i c i n i t y  of a pyrolyzing c o a l  p a r t i c l e .  A 
rap id  d rop  fo l lowed by a r ap id  i n c r e a s e  i n  temperature occurred i n  the  s p h e r i c a l  
l aye r  1 mm away from the  p a r t i c l e  su r face  whi le  a lmost  no temperature v a r i a t i o n  
was de t ec t ed  4 mm away from the  p a r t i c l e  sur face .  

Data f o r  t he  combustion of coa l  and char  p a r t i c l e s  a r e  shown in Figures  4 and 
5, r e spec t ive ly .  A s i g n i f i c a n t  a spec t  of coa l  combustion i n  F igure  4 is the  
sudden tempera ture  r i s e  in t he  gas  phase about 1.5 mm from the  su r face  of t he  c o a l  
p a r t i c l e ,  compared wi th  the  much smoother curve f o r  char  combustion shown i n  
F igu re  5 .  Poin t  A in Figure  4 is  s i g n i f i c a n t  because i t  r ep resen t s  a t r a n s i t i o n  
from n e t  hea t  l o s s  to n e t  hea t  ga in  by the  gas. 
p a r t i c l e  exper ienced  a r ap id  temperature drop p r i o r  t o  poin t  A and a r ap id  
inc rease  a f t e r  t h i s  p o i n t ,  in c o n t r a s t  wi th  the  r e l a t i v e l y  smooth inc rease  i n  t h e  
p a r t i c l e  s u r f a c e  temperature.  This  imp l i e s  t h a t  homogeneous i g n i t i o n  occurred in 
gas  phase r a t h e r  than heterogeneous i g n i t i o n  a t  t he  p a r t i c l e  sur face .  For the 
exper imenta l  cond i t ions  used, t h e  homogeneous i g n i t i o n  temperature was around 830 
K w i t h  approximate ly  800 m s  i nduc t ion  time, a s  represented  by poin t  A i n  F igure  4. 
This  i s  i n  g e n e r a l  agreement with the  ca l cu la t ed  r e s u l t s  of Annamalai and 
Durbetaki ( 5 ) .  The temper ture  i n  t h e  homogeneous combustion l a y e r  increased  
r a p i d l y  as t h e  v o l a t i l e  mat te r  was combusted u n t i l  t he re  was not  s u f f i c i e n t  
v o l a t i l e  matter evolv ing  from t h e  p a r t i c l e  t o  s u s t a i n  homogeneous combustion 
(po in t  B i n  F igu re  4 ) .  
then exper ienced  slower ox ida t ion  wi th  a lower hea t  r e l ease  r a t e .  Consequently,  
t he re  was a d rop  in t h e  temperature t n  t he  sur rounding  gas layer .  Because of t h e  
need t o  exceed both  the  i g n i t i o n  temperature and v o l a t i l e  mat te r  concent ra t ion .  
homogeneous combustion was observed only i n  t h e  t h i n  sphe r i ca l  l a y e r  about 1.5 nm 
from t h e  p a r t i c l e  sur face .  No r ap id  gas  tempera ture  r i s e  was de t ec t ed  by the 
thermocouples c l o s e r  t o ,  o r  f a r t h e r  from, the  p a r t i c l e  sur face .  

The gaseous l a y e r  surrounding the  

The remaining and subsequently-evolved v o l a t i l e  mat te r  

P a r t i c l e  s u r f a c e  temperature and hea t ing  r a t e  ve r sus  time a r e  g iven  in 
Figures  6 and 7, r e spec t ive ly .  The hea t ing  r a t e  is of i n t e r e s t  because i t  is 
r e l a t e d  t o  t h e  r a t e  of  d e v o l a t i l i z a t i o n  and char  combustion. The s i g n i f i c a n c e  of 
d e v o l a t i l i z a t i o n  on combustion i s  seen  c l e a r l y  in Figures  6 and 7 which i n d i c a t e  
t h a t  d u r i n g  p y r o l y s i s  t he  coa l  p a r t i c l e  hea t ing  r a t e  was slow and t h e  p a r t i c l e  
temperature neve r  exceeded the  r e a c t o r  temperature.  In the  case  of d e v o l a t i l i z e d  
Char p a r t i c l e s  a h igher  hea t ing  r a t e  was observed up t o  the equi l ibr ium burning 
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temperature of 1075 K. about  200 K h igher  than  the  r e a c t o r  temperature.  F igure  7 
'shows t h a t  c o a l  p a r t i c l e s  had the  same hea t ing  r a t e  i n i t i a l l y  dur ing  py ro lys i s  and 
combustion u n t i l  divergence a t  po in t  C. This  po in t  corresponds t o  t h a t  of 
homogeneous i g n i t i o n  in Figure  4. After po in t  C t he  hea t ing  r a t e  w a s  h ighe r  f o r  
combustion than  py ro lys i s  because t h e  hea t  from t h e  homogeneous combustion 
r e a c t i o n s  was t r a n s f e r r e d  t o  the  p a r t i c l e  sur face .  

Two major d i f f e r e n c e s  e x i s t e d  between t h e  cha r  and c o a l  dur ing  combustion. 
F i r s t l y .  no temperature rise in the  gas  was de tec t ed  a t  any d i s t ance  from the  char 
su r face  (F igure  5 ) .  Secondly, t he  su r face  temperature of t he  char  p a r t i c l e  
increased  a t  a h igher  rate than  that of the  coal p a r t i c l e  (F igure  6). T h i s  
suppor ts  t h e  concept of heterogeneous i g n i t i o n  of the  char p a r t i c l e s .  

Conclusions 

A f a s t  response thermocouple a r r a y  was employed t o  provide informat ion  on t he  
t r a n s i e n t  hea t ing  processes  a s soc ia t ed  wi th  py ro lys i s  and combustion of 1 mm 
d iameter  coa l  and cha r  p a r t i c l e s  a t  a furnace  temperature of 873 K. The measured 
temperature v a r i a t i o n s  implied t h a t  i g n i t i o n  occurred a t  the  su r face  of t he  cha r  
p a r t i c l e s  bu t  in the  gas  phase surrounding pyro lyz ing  coa l  p a r t i c l e s .  Homogeneous 
i g n i t i o n  Occurred a t  830 K caus ing  a temperature r ise i n  the  gas in a narrow 
s p h e r i c a l  l aye r ' abou t  1.5 mm from t h e  su r face  of t h e  c o a l  p a r t i c l e .  
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Table 1 
Characteristics of Texas Subbituminous B Coal, 

PS 0 c -423 
Proximate Analvsis M~J) A s  Received DrvBasis , 

Moisture 24.11 
Ash 10.31 13.59 
Volatile Matter 38.31 54.48 
Fixed Carbon 27.27 35.93 

Ultimate Analvsis (wto/o) 

C 
H 
N 
s (total) 
0 (diff.) 

Calorific Value Btdlb 
(mm-Free Basis) 

47.58 
4.01 
0.71 
1.34 

11.95 

9836 

62.69 
5.29 
0.93 
1.76 

15.74 
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FIG. 1 SCHEMATIC DIAGRAM OF THE EQUIPMENT 
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INTRA-PARTICLE HEAT TRANSFER EJ?FEEE IN MlAL PYROLYSIS 

Mohamued R. Hajaligol, William A.  Peters, and Jack B. Howard 
Energy Laboratory and Deprtment of Chemical Engineering, 

M.I.T., Cambridge, MA 02139 

May, 198'7 

Abstract 

Time and spatial temperature gradients within pyrolyzing coal particles can 
exert strong effects on devolatilization behavior including apparent pyrolysis 
kinetics. 
malities within an isolated, spherical coal particle pyrolyzing by a single 
first-order reaction. The analysis provides three distinct indices of heat 
transfer effects by quantitatively predicting the extent of agreement between: 
(a) centerline and surface temperature; (b) volume averaged pyrolysis rate [or 
(c) volume averaged pyrolysis weight loss] and the corresponding quantity 
calculated using the particle surface temperature for the entire particle 
volume. Regimes of particle size, surface heating rate, and reaction time 
where particle "isothemlity" according to each of criteria (a) through (c) 
is met to within prescribed extents, are computed for conditions of interest 
in entrained gasification and pulverized coal combustion, including pyrolysis 
under non-thermally neutral conditions. 

Introduction. 
particle sizes and surface heating rates producing temporal and spatial 
temperature gradients within the coal particles during pyrolysis. 
gradients may strongly influence volatiles yields, compositions, and release 
rates, and can confound attempts to model coal pyrolysis kinetics with purely 
chemical rate expressions. Mathematical modelling of particle non-isother- 
malities is needed to predict reaction conditions (viz. particle dimension, 
surface heating rate, final temperature, and reaction time) for which intra- 
particle heat transfer limitations do not significantly influence pyrolysis 
kinetics, and to predict pyrolysis behavior when they do. When pyrolysis is 
not th-1-neutral, the analysis is non-trivial since local temperature 
fields are coupled non-linearly to corresponding local heat release (or 
absorption) rates and hence to local pyrolysis kinetics. 

This paper mathematically models transient spatial non-isother- 

Many coal combustion and gasification processes involve 

These 

Much of the pertinent literature has addressed pseudo steady-state models 
for spatial temperature gradients within catalyst particles playing host to 
endo- or exothermic reactions, including, for some cases, mathematical 
treatment of the attendant limitations on intra-particle mass transfer of 
reactants or products [See Ref. (1 )  and references cited therein]. There 
appear to have been f e w  analyses of non;isothermalities within a condensed 
phase material simultaneously undergoing non-thermally neutral chemical 
reaction(s). 
coal weight loss kinetics [see reviews by H o d  ( 2 )  and Gavalas (311, and 
more refined analyses of spatial non-isothermalities within exploding solids 
( 4 , 5 ) .  Gavalas (2) calculated regimes of coal particle size where pyrolysis 
kinetics should be free of heat transfer effects, and Shons ( 6 )  provided 
similar information for cellulose pyrolysis. Valuable contributions are also 

Previous work includes rather empirical approaches to fitting 
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emanating from the laboratories of Essenhigh ( 7 ) ,  and Freihaut and Seem ( 8 ) .  

There is need for a generic, quantitative formalism to reliably predict 
transient intra-particle non-isothermalities and their effects on pyrolysis, 
as a function of operating conditions of interest in modern fuels utilization 
technologies. 
spherical coal particle pyrolyzing by a single first-order reaction, quantita- 
tive predictions of three distinct indices of particle non-isothemality - 
namely the extent of agreement between: (1) temperatures at the particle 
surface and centerline; (2)  the pyrolysis rate [or ( 3 )  the pyrolysis weight 
loss] averaged over the particle volume and the corresponding quantity 
calculated using the particle surface temperature for the entire particle 
volume. 
temporal as well as the spatial non-idealities in pwticle "isothermality". 

To this end the present paper presents, for an isolated 

Each index is explicitly dependent on time and thus accounts for the 

Method of Analysis. Spatial limitations allow only a brief summary of the 
theoretical approach, which is described in more detail with broader applica- 
tions, by Hajaligol et al. (9 ) .  For an isolated spherical coal particle with 
temperature invarient them1 physical properties, pyrolyzihg by a single 
first-order endo or exo-thermic reaction with an Arrhenius temperature 
dependency, heated at its surface, and transmitting heat internally only by 
conduction, (or by processes well-described by an apparent isotropic thermal 
conductivity) a standard heat balance gives the following partial differential 
equation for the time and spatial dependence of the intra-particle temperature 
field 

(1) 

Following Boddington et al. (1982) and others, this may be rewritten in 
dimensionless form as 

Symbols are defined in the nomenclature section at the end of the paper. 
Solution of Equation (1) or (2 )  requires specification of one initial condi- 
tion and two spatial boundary conditions. 
the temperature field throughout the coal particle at the instant heating 
begins 

The initial condition prescribes 

\ One boundary condition is the mathematical expression for centerline symmetry 
of the particle temperature field at all pyrolysis times 
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Four cases are of interest for the second boundary condition in the present 
analysis: 

(1) A finite rate of heat transmission to the particle surface describable in 
terms of an apparent heat transfer coefficient 

This caSe would be applicable to heating of coal particles in a fluidized bed 
or by molecular conduction from a high temperature gas. 
accomnodates cases where the overall rate of heat transfer to the particle is 
influenced by extra-particle resistance [i.e. cases of non-infinite Biot 
number]. 

( 2 )  A prescribed constant rate of increase in the particle surface tempera- 
ture : 

It also automatically 

( 9 )  

or 

This case is applicable to screen heater reactors or other apparatus where 
surface heating rates are maintained essentially constant. 

( 3 )  A known, constant surface heat flux density: 

This case is especially applicable to fires and furnaces under conditions 
where the particle surface temperature remains well below the temperature of 
the surroundings, and sample heating is dominated by radiation. 

( 4 )  A special limiting case of (1) through ( 3 )  above is an infinitely rapid 
surface heating rate: 

10 
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i 
i 
ii 
.J 

or 

This case would approximate the heat transfer characteristics of 
providing very rapid surface heating of the coal particles, for  example shock 
tubes, laser and flash lamp reactors, and coal dust explosions, where surface 
heating rates are estimated to exceed lo5 - 107 C/s. 

systems 

Equations (1) and (2) were solved numerically for each of the above four 
cases of boundary condition, using a procedure based on the method of lines 
and on Gear's methcd. 
Case ( 2 )  above, will be presented here. 
by Hajaligol et al. (9). 

Only our results for constant surface heating rate, 
Results for other cases are presented 

The solutions to these two equations are predictions of the smtial 
variation of the intra-particle temperature field with pyrolysis time. 
information wa9 used to compute three distinct indices of particle non- 
isothermality: 

( 1) The extent of agreement between the surface and centerline temperature of 
the particle: 

This 

or 

( 1 5 )  

(2) A time dependent effectiveness factor for pyrolysis rate, defined as the 
ratio of: the local pyrolysis rate averaged over the particle volume, to the 
pyrolysis rate calculated using the particle surface temperature for the 
entire particle volume: 

or 

(17) 

(18) 

( 3 )  A th-dependent effectiveness factor for overall pyrolytic conversion 
(i.e. weight loss or total volatiles yield) defined as the ratio of: the 
v o l a  averaged weight loss, to the weight loss calculated using the particle 
surface temperature for the entire particle volume: 
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J or 

Results and Discussion. The above analysis was used with boundary condition 
( 2 )  [constant surface heating ratel to predict effects of various pyrolysis 
parameters on m(t), b(t), and R(t) as a function of pyrolysis time. Unless 
otherwise stated the following values of thermal physical and chemical 
properties of the coal were employed: p = 1.3 g/cm3, X 0.0006 cal/cm-s-C, Cp 
= 0.4 cal/g-C, aY = 0 cal/g, ko = 10'3 s-1, and E = 50 kcal/g-mole. Effects 
of non-zero heats of pyrolysis are discussed later in the paper. 

Figures 1 - 3 respectively show the effects of particle size on rtr(t), 
.lb (t), and *(t), for a surface heating rate and final temperature of 104 C / s  
and 1000 C. For particle sizes > 50 pm, the time to relax internal tempera- 
ture gradients [i.e. for m(t) to decline from its maximum value to about 
zero] increases with roughly the square of particle diameter as expected. 
Initially the spatial non-idealities in temperature (Fig. 1) increased with 
increasing pyrolysis time, because the time for the surface to reach the final 
temperature [T.,r/mI is much less than the particle them1 response time, and 
the intra-particle temperature field is unable to keep pace with the rapidly 
rising surface temperature. 
temperature transient increases with particle diameter, because the particle 
thermal response time increases with particle size. 

The magnitude and duration of this initial 

The rate index of non-isothermality, ~ ( t )  (Figure 2 )  tracks the non- 
idealities in particle temperature. 
neutral reactions ~b (t) indicates spatially non-isothermal kinetic behavior 
[i.e. b(t) < 11 over a broader range of pyrolysis times than does e(t) [i.e. 
for which w(t) > 0, Fig. 11. The rate index expresses the influence of the 
temperature non-idealities on the predicted volume averaged pyrolysis rates 
via an exponential function. 
duration of the temperature non-idealities is not surprising. Furthermore, 
when volatiles release rates are of interest, @(t) is clearly a more reliable 
index of particle non-isothermality than is r)r(t). 

For a given particle size and thermally 

Thus an amplification of the magnitude and 

The conversion index of non-isothermality, *(t) (Fig. 31, reflects the 
non-idealities in rate, and the exponential increase in conversion with total 
pyrolysis time. The latter effect attenuates the former at short and long 
pyrolysis times by respectively, denying and supplying the reaction adequate 
time to attain completion at the imposed heating rate. Thus for each particle 
size there is an intermediate range of reactions times throughout which the 
strong non-idealities in pyrolysis rate (Fig. 2) contribute major non-idealit- 
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ies in conversion (Fig, 3 ) .  The exponential dependencies of conversion on 
rate and reaction time, also cause the magnitude of rt (t) to change rapidly 
with pyrolysis time, resulting in the sharp variations in this index depicted 
in Fig. 3. Clearly, in light of the differences in Figures 1 through 3,  when 
total volatiles yield is of interest, k(t) is the preferred index of non- 
isothennality over either m(t) or b(t). 

Figure 4 shows that at a fixed particle size, increasing the surface 
heating rate increases the magnitude but decreases the duration of the initial 
non-idealities in the particle temperature field. 
because, with increasing surface heating rate, the surface temperature 
increases so.rapidly during a time equal to the thermal response time of the 
particle, that the intra-particle temperature field lags further and further 
behind the surface temperature. 
the higher initial temperature gradients generated at higher surface heating 
rates cause a more rapid attenuation of the initial disturbance. 
increasing heating rate, these sharp initial intra-particle temperature 
gradients.translate into strong non-idealities in the local pyrolysis rates 
and hence into significant departures of ~ ( t )  from unity (Fig. 5 ) .  With 
declining heating rates (Fig. 5) the magnitude of these non-idealities is 
attenuated but they remain significant over increasing ranges of pyrolysis 
time. 
rate reduces the differences between the surface and internal temperatures 
(Fig. 4 ) ,  and because the resulting intra-particle temperature gradients are 
lower, and thus provide less driving force for temperature relaxation, thereby 
extending the time over which the intra-sample pyrolysis rates exhibit 
significant non-idealities. 
exacerbates each of the above effects (Fig. 2 ) .  

The first effect arises 

The shorter relaxation time arises because 

With 

These effects respectively arise because decreasing the surface heating 

Increasing particle size at a fixed heating rate 

The impacts of these intra-sample rate variations on the conversion-index 
of non-isothermality n(t), are attenuated strongly in both magnitude and 
duration (Fig. 6 ) ,  due to the interplay of rate and cumulative pyrolysis time 
discussed above. The magnitude of the non-idealities in &(t) are worsened 
with increasing heating rate, because surface temperature and surface pyroly- 
sis rate more and more rapidly outpace the corresponding quantities within the 
particle, thus expanding the differences between the extents of conversion 
predicted for these two regions at smaller and smaller reaction times. 
Conversely, the non-idealities in n(t.1 decrease when heating rate decreases, 
because the particle temperature field (Fig. 4 ) ,  and average pyrolysis rate 
(Fig. 5 ) ,  track the surface temperature more and more closely, and because the 
greater time required for the surface temperature to attain its final value, 
allows intra-particle conversion to proceed further to completion. 

For a thermally neutral reaction, a change in the activation energy for 
pyrolysis has no effect on intra-particle temperature gradients [and hence on 
m(t)], but Figure 7 shows that increasing E increases the magnitude of the 
non-idealities in *(t), as would be expected since larger E ' s  imply stronger 
dependencies of rate on temperature. Since m(t) is unaffected by changing E,  
any effect of E on n ( t )  will reflect only E-induced changes in W(t). Such 
effects should be small since at this heating rate (103 C/s) quite large 
changes in m(t) at an E of 50 kcal/g-mole (Fig. 51, are strongly attenuated 
in %(t) (Fig. 6 ) ,  and the E-induced variations in p(t) (Fig. 7 )  are by 
comparison, rather small. 
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Figure 8 shows that for  constant p and C,, decreasing either the thermal 
conductivity or thermal diffusivity of the coal increases the magnitude and 
duration of non-idealities in (t) and rt (t). For an endothermic reaction 
the values of m(t) and %(t) at long pyrolysis times would increase with 
increasing values of either of these thermal parameters. For example, for 
MPy = +50 cal/g coal, these two indices would increase by a factor of 10, for 
10 to 15% increases in a or X (Hajaligol et al. 1987). 

Figure 9 shows the effects of pyrolysis time on qr(t), *(t), and n(t) for 
cases where pyrolysis is not thermal neutral. The discussion is simplified by 
expressing the results in terms of a dimensionless parameter A, which reflects 
the interaction of chemical kinetic and thermal physical parameters in 
determining the impact of chemical enthalpy on particle non-isothexniality. 
Delta is derived by non-dimensionalizing Eq. (l), see Eq. ( Z ) ,  and physically 
can be thought of as the ratio of the average rate of heat generation (or  
depletion) at the particle surface from pyrolysis, to the average rate of 
conductive transfer of heat into the particle from its sllrface. Figure 9 
shows that for reasonable exo- o r  endo-thermicities, m(t) and ~ ( t )  do not 
approach perfect ideality, even at long pyrolysis times, while k(t) goes 
virtually to unity (isothermal behavior) in reasonable times. The magnitude 
and duration of the non-idealities expressed by %(t) depend on the ratio of 
the pyrolysis time to the particle heat-up time (Hajaligol et al. 1987). At 
long pyrolysis times qr(t) and &(t) attain S-specific plateaus that are 
independent of heating rate or  particle size, although both 
the magnitude and duration of the transients in these two indices. 

parameters affect 

Figure 10 shows, for thermally neutral pyrolysis, domains of particle size 
and surface heating rate where the particle is at least 95% "isothermal" 
according to each of the above indices [qr(t), c,(t), and r):(t)l. The 
temperature index provides a broader range of compliant particle sizes and 
heating rates, because it is uninfluenced by devolatilization kinetics. 
non-thermally-neutral reaction it is much more difficult to define domains of 
particle size and heating rate where m(t) meets the 95% ideality criterion - 
note the very small A values required for m(t) to approach 0 in Fig. 9. 

For a 

The rate index [~(t)] obviously enfolds kinetic effects, and consequently 
presents a more m o w  domain of isothermality (Fig. 10). Clearly this index, 
rather than m(t) alone, should be considered in evaluating the role of heat 
transfer effects in devolatization kinetic data and in designing experiments 
to probe intrinsic chemical rates. The conversion index, r): (t), provides a 
somewhat broader isothermality domain, due to the damping effect of pyrolysis 
time discussed above. 

Effects of activation energy and thermal physical properties on the 
isothermality domains can be inferred from Fig.'s 7 and 8 respectively. 
Increasing or decreasing E as in Fig. 7, has no effect on the regions pres- 
cribed by m(t) and ~ ( t ) ,  but respectively decreases and increases the 
domains defined by w (t) (dashed lines of Fig. l o ) .  

When pyrolysis is not thermally neutral, the domains of particle isother- 
mality may, depending on the magnitude of NPy, shrink from the boundaries 
defined in Fig. 10. Regimes of Dp and i~ meeting each of the above criteria 
can still be prescribed by calculating compliant families of curves in Fig. 
10, using AHPY as a parameter. Alternatively, the parameter S can be used to 
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advantage in a more efficient computation procedure that accounts eltplicitly 
for all parameters contributing to heat of pyrolysis effects. 
~ ( t )  shows the greatest effect of h H p y  (Fig. 9). Figure 11 shows how ~ ( t )  
varies with I i 1 ,  where the upper and lower branches [m(t) > 1, and < 11, 
reflect exo- and endo-thermic pyrolysis, respectively. 
obtain values of 1 such that P(t) indicates a desired extent of isother- 
mality, say 95%. With 8 fixed, and fixed thermal-physical properties, the 
particle diameter, Dp , final surface temperature Ts , and surface heating rate, 
m, become the only adjustable parameters of the system. 
particle diameters, Fig. 10 is then used to define the allowed maximum surface 
heating rates for any of the isothedity indices, and the value from Fig. 11 
sets the corresponding maximum allowed surface temperature. 
desired surface heating rate can be pre-selected with the corresponding 
maximum allowed particle diameter and surface temperature being obtained from 
Figs. 10 and 11 (via 8 )  respectively, or a maxim surface temperature can be 
pre-chosen with the compliant i value (Fig 11) prescribing the maximum allowed 
Dp, and Fig. 10 the corresponding maximum acceptable surface heating rate. 
This protocol is conservative in that it is valid for all pyrolysis times, and 
utilizes the most stringent of the above isothennality indices, rb (t). 

Conclusions 

1. The extent of coal particle non-isothemlity at any stage of pyrolysis can 
be quantitatively depicted in terms of numerical indices reflecting not only 
spatial non-uniformities of the intra-particle temperature field, but also 
non-idealities in the rate and extent of pyrolysis. 

2 .  Mathematical modeling of coupled rates of intra-prticle pyrolysis and heat 
transmission, relates each index to operating conditions of interest in coal 
combustion and gasification including surface heating rate, particle diameter, 
final temperature, and pyrolysis time. 

3.  Domains of surface heating rate and particle diameter where each isother- 
mality criterion is met to within 5% at all pyrolysis times are plotted for a 
base case of zero heat of pyrolysis. 

4 .  Data and procedures for using these same isothermality maps khen pyrolysis 
is not them1 neutral are also provided. 

5. The analysis shows that diagnosing a pyrolyzing coal particle as "isother- 
mal" based upon close agreement between its surface and centerline tempera- 
ture, can lead to serious errors in estimates of corresponding volatiles 
release rates and total volatiles yields. 

6 .  Each isotherrnality index exhibits significant temporal variations, showing 
that pyrolysis time, and hence extent of conversion must be considered in 
assessing particle non-isothermality and its impact on pyrolysis behavior. 

The rate index, 

This figure is used to 

For preselected 

Alternatively a 
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Nomenclature 

Particle Diameter, h 

Activation Energy, Cal/g-mole 
Effective Heat Transfer Coefficient, Cal/(W-Sec-C) 
Reaction Frequency Factor, sec-1 

Surface Heating Rate, "K/sec 

Biot Number; h,, dp/2A 
Surface Heat Flux Density, Cal/sec 

Gas Constant; 1.987 Cal/gmole"K 

Radius, h 

Partice Radius, (3m 

Temperature,'K 

Initial Temperature,'K 

Surface Temperature, 'K 

Final Surface Temperature, 'K 

Ambient Temperature,'K 

Time, Sec 

Particle Volume, On3 

Particle Density, g/m3 

Particle Thermal Conductivity, Cal/(Cm-Sec-C) 
Particle Thermal Diffusivity, /Sec 
Heat of Pyrolysis, C a l / g  

A% m -  ' - 11, f 0 Dimensionless Temperature; - 
8, Dimensionless Surface 

7: -7Lf 
0,' Dimensionless Center Temperature; %ltJ  -'sf 

?: - T s f  6, Dimensionless Ambient Temperature: TH -Ts,f 

'E -T4' Dimensionless Time; dt/ af 
4 Dimensionless Length; r/Ra 
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7 ,+ Dimensionless Temperature Index 

"r, ,T ,  Dimensionless Rate Index 

7, ,T, Dimensionless Conversion Index 
& 

J 
A 

Dimensionless Parameter; R T&f / E  

Dimensionless Heating Rate; d;/[4d (T  - '&,+I] 
9 Dimensionless Heat Flux Density; 

L 
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THERMOKINETIC TRANSPORT CONTROL A N D  STRUCTURAL MICROSCOPIC 

THEIR DOMINANT ROLE I N  DUST EXPLOSIONS 

By M .  Hertzberg,  I. A. Zlochower, R. S. Conti ,  and K. L. Cashdollar 

U. S. Bureau of Mines 
P i t t sbu rgh  Research Center 

P.O. Box 18070 
Cochrans M i l l  Road 

P i t t sbu rgh ,  PA 15236 

ABSTRACT 
The r e a c t i o n  mechanism for  coa l  py ro lys i s  and d e v o l a t i l i z a t i o n  involves  t h e  

inward progression from the exposed su r face  of a decomposition wave, whose speed Of 
propagation determines t h e  py ro lys i s  r a t e .  
d r iv ing  the wave and by thermodynamic t r a n s p o r t  c o n s t r a i n t s  w i th in  the  p a r t i c l e .  
Microscopic d a t a  a r e  presented t h a t  r e v e a l  t h e  s t r u c t u r e  of t h a t  wave f r o n t  for 
u n i d i r e c t i o n a l  l a s e r  exposure of both macroscopic coa l  sam l e 3  and microscopic d u s t  
p a r t i c l e s .  
t h i ckness  is l e s s  t han  50 pm. 

12-115 W/cm2 t h a t  g ive  a py ro lys i s  and d e v o l a t i l i z a t i o n  " r a t e  c o e f f i c i e n t "  o f ,  

REALITIES I N  COAL AND POLYMER PYROLYSIS A N D  DEVOLATILIZATION: 

The speed is con t ro l l ed  by t h e  hea t  f lux 

A t  bu rne r - l eve l  hea t  f l u x e s  of 100 t o  125 W/cm 3 , t he  wave f r o n t  

New d a t a  are a130 presented fo r  polymethylmethacrylate (PMMA) a t  f lux  l e v e l s  of 

k t  = C(T)dT + AHv]-' , 
whose va lue  is p r e d i c t a b l e  from thermodynamic t r a n s p o r t  c o n s t r a i n t s  alone. Except 
fo r  t h e  complicat ion of t he  c o a l ' s  char- layer  r e s idue  and its increasing th i ckness ,  
which i n s u l a t e s  t h e  wave f r o n t  from the  hea t  sou rce  f lux  t h a t  d r i v e s  i t ,  both c o a l  
and PMMA behave s i m i l a r l y .  For PMMA, t h e  decomposition temperature ,  T a l  is 
350-400° C; f o r  c o a l  i t  is 450-600° C. 

r eac t ion  p rocesses  occur  isothermally under chemical r a t e  c o n t r o l  and t h a t  they a r e  
desc r ibab le  by unimolecular .  Arrhenius func t ions  of the source temperature.  

ro l e s  i n  t h e  o v e r a l l  mechanism of flame propagat ion i n  dus t - a i r  mixtures.  Data f o r  
the p a r t i c l e  s i z e  dependences of t h e  l e a n  limits of f lammabil i ty  f o r  coa l s  and 
polymers r e v e a l  t hose  r o l e s .  The above measured r a t e  c o e f f i c i e n t  f o r  PMMA gives  a 
reasonable  p r e d i c t i o n  of the coa r se  s i z e  a t  which the  p a r t i c l e  d e v o l a t i l i z a t i o n  
process becomes r a t e  l i m i t i n g  i n  a PMMA dus t  explosion.  

There is no s u b s t a n t i v e  evidence t o  support  t h e  t r a d i t i o n a l  viewpoint t h a t  t h e  

The v o l a t i l i t y  y i e l d  of a dus t  and its r a t e  of d e v o l a t i l i z a t i o n  play dominant 

INTRODUCTION 
Two t h e o r i e s  o r  models have been used t o  desc r ibe  t h e  process  of coal p a r t i c l e  

py ro lys i s  and d e v o l a t i l i z a t i o n .  The f i rs t  is t he  t r a d i t i o n a l  viewpoint,  which 
considers  t h e  r e a c t i o n  process  t o  be under chemical r a t e  con t ro l  ( 1 ,  2, 3 ) ;  t h e  
second is a newer viewpoint t h a t  cons ide r s  the r e a c t i o n  process  t o  be under heat  
t r anspor t  c o n t r o l  ( 4 ,  5, 6 ,  7) .  In  t h e  t r a d i t i o n a l  model t h e  r e a c t i o n  or r e a c t i o n s  
a r e  viewed a s  occur r ing  i so the rma l ly  throughout t h e  p a r t i c l e  and are described by 
c l a s s i c a l ,  unimolecular ,  Arrhenius func t ions  of t h e  p a r t i c l e  temperature,  T. The 
r eac t ion  r a t e  is given by 

= ko [,-Ea/RT 1 C V ( - )  - V ( t ) l ,  1 )  dV( t )  
d t  

where V ( t )  is the  v o l a t i l e  y i e l d  ( i n  p c t )  a f t e r  an exposure t ime,  t ;  V ( - )  is the 
maximum v o l a t i l e  y i e l d  a s  t + m ;  ko is t h e  preexponent ia l  f a c t o r ;  Ea is t h e  
a c t i v a t i o n  energy; R is t h e  un ive r sa l  gas  cons t an t ;  and T is t h e  temperature  of t h e  
pyrolyzing p a r t i c l e .  Considerable  e f f o r t  has gone i n t o  t h e  development of complex, 
p a r a l l e l  or s e q u e n t i a l  r e a c t i o n  schemes t o  p r e d i c t  t h e  o v e r a l l  r a t e  of py ro lys i s  and 
the  y i e l d s  of v o l a t i l e  products .  Su rp r i s ing ly ,  however, l i t t l e  e f f o r t  has been 
devoted t o  a ,  r e a l i s t i c  a n a l y s i s  of the hea t  t r a n s p o r t  processes  by which p a r t i c l e  

' 

temperatures ,  i n i t i a l l y  a t  To, a r e  e l eva ted  t o  t h e  r e a c t i o n  temperature T a f t e r  
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t h e i r  exposure to some high temperature  source a t  Th. 
assumed t h a t  t h e  exposed coa l  p a r t i c l e s  r a p i d l y  reached the high temperatures  of the 
furnace walls, or t he  hot gases ,  or t h e  e l e c t r i c a l l y - h e a t e d  sc reens  t o  which they  
were exposed. The temperature used i n  Equation 1 was gene ra l ly  t h e  source 
temperature ,  Th. A major except ion was Z i e l i n s k i  (7). whose independent a n a l y s i s  of 
t he  d a t a  of many i n v e s t i g a t o r s  l ed  t o  t h e  conclusion t h a t  t h e  r a t e  of t h e  hea t  
t r a n s f e r  from the high-temperature source t o  t h e  coa l  p a r t i c l e s  exer ted t h e  dominant 
i n f luence  on t h e  r a t e  of v o l a t i l e 3  evo lu t ion .  He noted t h a t  coa l  p a r t i c l e  
temperature measurements were "very r a r e  indeed,"  and caut ioned r e s e a r c h e r s  a g a i n s t  
a s s ign ing  " the temperature of t h e  hea t  c a r r i e r  or the  con ta ine r  walls" t o  t h e  
temperature  of " the coal  p a r t i c l e s  themselves." Z i e l i n s k i ' s  a n a l y s i s  was g e n e r a l l y  
ignored u n t i l  t h e  more r e c e n t  s t u d i e s  o f  F re ihau t  and V a s t o l a , ( 8 ) ,  and t h e  
r e a n a l y s i s  of p a r t i c l e  p y r o l y s i s  da t a  by Solomon and coworkers (9, 10) .  Using 
d i r e c t  o p t i c a l  measurements of p a r t i c l e  temperatures ,  Solomon e t  a l .  (10 )  showed 
c l e a r l y  t h a t ,  dur ing p y r o l y s i s ,  T was gene ra l ly  much lower than Th. For example, i n  
an en t r a ined  flow reac t ion  a t  a source temperature  of Th = 1300° C ,  c o a l  p a r t i c l e s  
of 45-75 wn diameter were completely d e v o l a t i l i z e d  by t h e  t ime they  had reached 
temperatures  of only 700-800° C. Their a n a l y s i s  is neve r the l e s s  l i m i t e d  to  the  
problem of heat  t r a n s f e r  t o  t h e  p a r t i c l e ;  t h e  p a r t i c l e  i t s e l f  is s t i l l  t r e a t e d  as 
r e a c t i n g  i so the rma l ly ,  and uniformly throughout its ex ten t .  I n t e r n a l  v a r i a t i o n s  i n  
temperature  and r e a c t i o n  r a t e  a r e  ignored. Since,  however, t he  p a r t i c l e  is not 
isothermal ,  one must go even f u r t h e r  i n  the  r e a n a l y s i s .  For c o a l ,  e s p e c i a l l y ,  t h e r e  
is inev i t ab ly  a h o t t e r ,  opaque char  l a y e r  a t  the s u r f a c e  of t he  p a r t i c l e  t h a t  
surrounds and conceals  the lower temperature  region of a c t i v e  p y r o l y s i s  f u r t h e r  
within the  p a r t i c l e .  

Accordingly,  not  only must one consider  heat  t r a n s p o r t  l i m i t a t i o n s  t h e  
p a r t i c l e  from the  e x t e r n a l  hea t  sou rce ,  but  also heat  t r a n s p o r t  l i m i t a t i o n s  w- 
o r  through the p a r t i c l e :  t h a t  i s ,  from its s u r f a c e  t o  its i n t e r i o r .  Attempts to 
address  t h a t  l i m i t a t i o n  l ead  t o  the newer viewpoint or model. The s i t u a t i o n  i n  its 
s imples t  form is depicted i n  Figure 1 ,  and t h e  newer theory simply a p p l i e s  t h e  F i r s t  
Law of Thermodynamics t o  t h e  system. A planar  coa l  su r f ace  i s  dep ic t ed ,  py ro lyz ing  
and d e v o l a t i l i z i n g  a t  a s t eady- s t a t e  r a t e ,  io, i n  an inc iden t  r a d i a t i v e  sou rce  f l u x  
of i n t e n s i t y ,  I. The system dep ic t ed  is c o a l ,  which is complicated by a char  
r e s idue  above t h e  py ro lys i s  r e a c t i o n  zone. I n i t i a l l y ,  i t  w i l l  be s impler  t o  assume 
t h a t  t h e  r e a c t a n t  is one t h a t  d e v o l a t i l i z e s  completely so t h a t  t h e  i n c i d e n t  f l u x  is 
absorbed d i r e c t l y  a t  t h e  d e v o l a t i l i z i n g  su r face .  Polymethylmethacrylate (PMMA) i s  
an example of such a substance.  A f r a c t i o n  of t h e  inc iden t  f l u x ,  r I ,  is r e f l e c t e d ,  
and another  po r t ion ,  I t ,  is l o s t  t o  t h e  colder  surroundings by conduct ion,  
convection, and r e r a d i a t i o n .  For t h e  s t eady- s t a t e  propagation o f  t h e  p y r o l y s i s  
wave, a t  t h e  l i n e r  r a t e ,  1, , t h e  F i r s t  Law r e q u i r e s  t h a t  t he  n e t  absorbed f l u x ,  
Iabs  = I(l-r)-It ,  f i r s t  supply t h e  power necessary t o  b r ing  each element of the 
s o l i d  r e a c t a n t  with its hea t  capac i ty  C ( T )  t o  t h e  r e a c t i o n  zone or decomposition 
temperature ,  T,, from its i n i t i a l  temperature ,  To: and second, supply t h e  hea t  of 
d e v o l a t i l i z a t i o n .  Thus, 

Iabs = 1(1 - r )  - It = io p [ITs C(T)dT + AHv]. 

Solving f o r  t h e  mass d e v o l a t i l i z a t i o n  r a t e  per u n i t  area g ives  

Early r e s e a r c h e r s  g e n e r a l l y  

2) 

3) 

T 
0 

I = f o p = k  t I abs = [J;: C ( T )  dT + AHvl-lIabs, 

where t h e  r a t e  c o e f f i c i e n t ,  k t .  is given by the r e c i p r o c a l  of t he  n e t  enthalpy 
change f o r  t h e  o v e r a l l  heat ing and d e v o l a t i l i z a t i o n  process.  

This  newer viewpoint should be con t r a s t ed  with the  t r a d i t i o n a l  one. In  t h i s  
f lux-driven,  hea t - t r anspor t - l imi t ed  model (Equat ions 2 and 3 ) ,  once t h e  i n p u t  f l u x  
l e v e l  exceeds some c r i t i c a l  value fo r  t h e  onset  of r eac t ion ,  which is the  loss f l u x ,  
t h e  p red ic t ed  rate is not p a r t i c u l a r l y  s e n s i t i v e  t o  t h e  r e a c t i o n  zone temperature  of 
t h e  pyrolyzing s u r f a c e .  That temperature ,  T,, is only t h e  upper bound o f  a heat  
capac i ty  i n t e g r a l .  The r a t e  c o e f f i c i e n t ,  k t ,  is much more s e n s i t i v e  t o  the  heat  of 
d e v o l a t i l i z a t i o n  o r  vapor i za t ion ,  AH,. By c o n t r a s t ,  i n  t h e  t r a d i t i o n a l  viewpoint 
(Equation I ) ,  t h e  r e a c t i o n  temperature  T is the only  v a r i a b l e  determining t h e  r a t e .  
I n  the  f lux-driven model, t h e  system is nonisothermal and the  exac t  temperature  of 
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t h e  r e a c t i n g  s u r f a c e  becomes v i r t u a l l y  i r r e l e v a n t  once it reaches some th re sho ld  
value.  The t r a d i t i o n a l  viewpoint ,  by c o n t r a s t ,  focuses  on t h a t  one in t ens ive  
thermodynamic v a r i a b l e ,  T,  and it does so on ly  i n  one r eg ion  of t h e  system, t h e  
r eac t ion  zone. The newer viewpoint emphasizes ex tens ive  thermodynamic va r i ab le s :  
The absorbing f l u x ,  Iabs. and t h e  o v e r a l l  enthalpy change fo r  t he  py ro lys i s  and 
d e v o l a t i l i z a t i o n  process ,  q u i t e  independent of t h e  temperature  of any one r eg ion  of 
the nonisothermal  system. I n  the newer model, t h e  d r i v i n g  fo rce  f o r  t he  r e a c t i o n  is 
t h e  n e t  energy f l u x  d e n s i t y  be ing  absorbed by t h e  r e a c t a n t .  The "ba r r i e r "  t o  
r e a c t i o n  is not some obscure a c t i v a t i o n  energy,  Ea, which must be overcome by 
r a i s i n g  t h e  temperature  of one p a r t i c u l a r  region t o  a high enough l e v e l ;  r a t h e r  i t  
is the  " r e s i s t a n c e "  or thermal  i n e r t i a  o f  t he  e n t i r e  system tha t  must be overcome. 

The thermal  i n e r t i a  is j 2 C(T) dT + AH,, and t h e  r e c i p r o c a l  of t ha t  r e s i s t a n c e  

is the  "conduct ivi ty"  of the r e a c t i o n  wave, which is its r a t e  c o e f f i c i e n t ,  k t .  

PYROLYSIS RATES AND STRUCTURAL MICROSCOPIC REALITIES FOR COAL 
Kine t i c  d a t a  for t h e  d e v o l a t i l i z a t i o n  r a t e s  of microscopic coa l  p a r t i c l e s  of 

varying d i ame te r ,  hea t ed  i n  a C02 l a s e r  beam were r epor t ed  previously ( 4 ,  5 ) .  The 
da ta  a t  a cons t an t  i npu t  laser f l u x  of 300 W/cm2 f o r  p a r t i c l e s  of 51-, 105-, and 
310-pa average diameter  a r e  shown i n  Figure 2. The d a t a  show c l e a r l y  t h a t  t h e  time 
r equ i r ed  f o r  complete d e v o l a t i l i z a t i o n  inc reases  monotonically with inc reas ing  
p a r t i c l e  diameter ,  a s  would be p red ic t ed  by t h e  f lux-driven model of Figure 1 .  The 
e f f e c t  of varying t h e  inc iden t  laser f l u x  f o r  a given p a r t i c l e  s i z e  was a l s o  
s tudied.  

For a more c a r e f u l  a n a l y s i s  of the d a t a ,  it should be noted t h a t  t he  percentage 
mass l o s s  ver sus  t i m e  cu rves  in Figure 2 have c h a r a c t e r i s t i c  s-shapes. Since f i n a l  
v o l a t i l i t y  y i e l d s ,  V(-), are approached on ly  a sympto t i ca l ly  as t + -, i t  is most 
r e a l i s t i c  t o  expres s  t h e  r a t e  of t h e  d e v o l a t i l i z a t i o n  r e a c t i o n  in terms of t h e  t ime 
r equ i r ed  fo r  t h e  p a r t i c l e  t o  d e v o l a t i l i z e  t o  h a l f  its maximum value.  That h a l f  l i f e  
o r  t l l 2 -va lue  corresponds to t h e  i n f l e c t i o n  po in t  of the s-shaped curve.  
d a t a  are summarized in Figure 3 ,  where t h e  measured t1/2 d a t a  p o i n t s  a r e  p l o t t e d  as 
a func t ion  of t h e  i n c i d e n t  laser f lux  f o r  t h e  t h r e e  p a r t i c l e  s i z e s  s tud ied .  For t h e  
cubic  p a r t i c l e  w i t h  s i d e s  o f  width ao. a s  depicted i n  Figure 1 ,  

A l l  t h e  

4 )  = a 0  =sop k ' D p  

t1/2 26, (1 - I t ' )  ' 

where I t '  is an  e f f e c t i v e  loss f l u x  and k' is a constant  of p r o p o r t i o n a l i t y  which is 
l i n e a r l y  p ropor t iona l  t o  t h e  thermal i n e r t i a  of t he  d e v o l a t i l i z a t i o n  r e a c t i o n ,  bu t  
which i s  a l s o  r e l a t e d  t o  t h e  shape of t he  p a r t i c l e  and i t s  o r i e n t a t i o n  in t he  beam. 
The average p a r t i c l e  diameter  i s  D The p r e d i c t i o n s  of Equation 4 a r e  a l s o  shown 
in Figure 3 as the  dashed l i n e s .  
50 W/cm2 f o r  t h e  51-um p a r t i c l e s ,  25 W/cm2 f o r  t h e  105-pm p a r t i c l e s ,  and 10 W/cm2 
f o r  t he  310-pm p a r t i c l e s .  
convect ion t o  t h e  co ld  surroundings,  and t h e i r  choice is  discussed i n  d e t a i l  
elsewhere (5, 6). 
f i t  t o  the  d a t a .  The r easonab le  agreement between t h e  da t a  p o i n t s  and t h e  theo ry  
curves p red ic t ed  by Equation 4 tends t o  confirm the reasonableness  of its 
de r iva t ion .  I t  s u g g e s t s  t h a t  even on t h e  microscopic l e v e l  of p a r t i c l e s  as small  as 
50 pa, t h e  p y r o l y s i s  p rocess  proceeds a t  a rate determined by t h e  hea t - t r anspor t -  
l i m i t e d  speed with which t h e  d e v o l a t i l i z a t i o n  wave is dr iven  through t h e  p a r t i c l e  by 
t h e  heat  sou rce  f lux .  The p y r o l y s i s  " r a t e  constant"  is determined by t h e  
thermodynamic p r o p e r t i e s  of t h e  medium, and no f u r t h e r  assumption r ega rd ing  a 
r e a c t i o n  k i n e t i c  mechanism appears  t o  be necessary.  

con ta in ing  t h e  most d e t a i l e d  s p a t i a l  r e s o l u t i o n  were r epor t ed  by Lee, Singer ,  and 
Chaiken ( 1 1 )  for l a r g e  c o a l  c y l i n d e r s  1.8 cm in diameter and 5 cm high. 
Temperatures were measured every 3 mm. Their  temperature  p r o f i l e s ,  obtained w i t h  
t h e  same l a s e r  but a t  much lower f i r e - l e v e l  h e a t  f l uxes ,  a r e  summarized in Figure 4 .  

%e e f f e c t i v e  loss f l u x e s ,  Ie'. were taken as 

These l o s s e s  a r e  mainly a s soc ia t ed  with conduction- 

A cons tan t  k '-value of 1.46 kJ/cm3 f o r  a l l  s i z e s  g ives  the  b e s t  

In terms of t h e  a c t u a l  thermal s t r u c t u r e  of t he  py ro lys i s  wave f r o n t ,  t he  da t a  
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They a l s o  obtained x-ray d e n s i t y  p r o f i l e s  which showed t h a t  t h e  r e a c t i o n  zone Of 
a c t i v e  py ro lys i s  and d e v o l a t i l i z a t i o n  is cha rac t e r i zed  by a minimum dens i ty  Of 0.2 
g/cm3. These minimum dens i ty  po in t s  a r e  shown i n  Figure 4 superimposed on t h e i r  
measured temperature p r o f i l e s .  
the cold s i d e  by unreacted coa l  ( p  - 1.33 g/cm3) and on the  hot s i d e  by a 
consol idated char r e s idue  ( p  = 0.85 g/cm3). 
corresponding t o  t h e s e  minimum densi ty  p o i n t s  is 440-475O C .  

d e v o l a t i l i z a t i o n  composed of "frothing" l i q u i d  bitumen. The l i q u i d  bitumen c o n s i s t s  
of high-molecular-weight py ro lys i s  products ,  and i t  is f r o t h i n g  because lower 
molecular weight gases  and t a r  vapors a r e  bubbling through it. 
zone" is a l s o  phys ica l ly  t r anspor t ing  the  f r o t h i n g  mass of cha r i fy ing  l i q u i d  bitumen 
i n t o  t h e  mass of previously formed char  above it. 
dens i ty  is  thus a compacted r e s idue  of t he  f r o t h i n g  mass of cha r i fy ing  l i q u i d .  Some 
secondary char-forming r e a c t i o n s  a r e  a l s o  occur r ing  i n  t h e  char  l aye r  above t h e  f i z z  
zone, a3 pyro lys i s  vapors d i f f u s e  through t h a t  cap of higher  temperature cha r .  

The da ta  of Lee, S inge r ,  and Chaiken a130 show c l e a r l y  t h a t  t he  py ro lys i s  wave 
f ron t  propagates inward a t  a v e l o c i t y  t h a t  is p ropor t iona l  t o  the r a d i a n t  f l u x ;  
however, a3 the  i n s u l a t i n g  char  l aye r  a t  t h e  s u r f a c e  th i ckens  i n  time, t h e  s u r f a c e  
temperature inc reases  and f l u x  l o s s e s  t o  t h e  co ld  surroundings inc rease  markedly. 
I t  is not  s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  t h e  v e l o c i t y  of t h e i r  py ro lys i s  wave f r o n t  
diminishes i n  t ime. Note a l s o  t h a t  t h e  r e a c t i o n  zone temperature ,  however, remain3 
e s s e n t i a l l y  constant  a t  440-475O C ,  q u i t e  independent of t h e  magnitude of t h e  sou rce  
f lux  t h a t  d r i v e s  i t ,  or the r e s u l t a n t  v e l o c i t y  of the py ro lys i s  wave f r o n t .  A t  
t h e i r  h ighes t  l a s e r  f l u x ,  t h e  maximum temperature  of t h e  char  l aye r  at  t h e  s u r f a c e  
was 760-8OOC. Because of the char l aye r  expansion and swe l l ing ,  the f i n a l  Surface 
is at a negat ive displacement r e l a t i v e  t o  t h e  o r i g i n a l  su r f ace  pos i t i on  a t  0 .0  cm. 

That su r f ace  temperature may be considered t o  be t h e  "source temperature" i n  
such experiments s i n c e  i t  is t h e  char  l a y e r  a t  t h e  s u r f a c e  t h a t  d i r e c t l y  absorbs t h e  
l a s e r  f lux  a 3  time proceeds.  Heat is then conducted through t h a t  char  l a y e r  t o  t h e  
r e a c t i o n  zone below. Thus, although t h e  sou rce  temperature  is as  high a3 760-800" C 
for  the higher f l u x  d a t a ,  t he  r e a l  temperature  of the coa l  mass t h a t  is pyrolyzing 
and d e v o l a t i l i z i n g  is only 440-475' C ,  and it would be inco r rec t  t o  a s s ign  t h a t  char  
layer  temperature t o  t h e  r e a c t i n g  coa l .  I t  should a l s o  be noted t h a t  i f  the 
temperature of t h e  coal  sample or " p a r t i c l e "  were measured o p t i c a l l y  from t h e  
su r face  s p e c t r a l  r ad iance ,  one would. of course,  o b t a i n  only t h e  su r face  temperature  
of t h e  char  r e s idue  and not t h e  temperature of t h e  r e a c t i n g  coa l .  

t he  coa l  s t r u c t u r e  t h a t  r e s u l t  from the  propagat ion of such a py ro lys i s  wave f r o n t .  
The microscopic d a t a  w i l l  be presented f o r  f i n e  coa l  p a r t i c l e s  such as those  used t o  
o b t a i n  the  d a t a  i n  Figures  2 and 3 ,  and a l s o  f o r  l a r g e  coal  samples comparable i n  
s i z e  t o  those  f o r  which t h e  da t a  i n  Figure 4 were ob ta ined .  Scanning e l e c t r o n  
microscope (SEM) photographs of a c o a l  p a r t i c l e  exposed f o r  100 ms to a l a s e r  f l u x  
o f  100 W/Cm2 a r e  shown i n  Figure 5. 
magnif icat ions.  The measured weight loss was on ly  about 1 p c t ,  and it can thus  be 
i n f e r r e d  t h a t  t he  exposure time ba re ly  exceeded t h e  induct ion t ime r equ i r ed  f o r  t h e  
s u r f a c e  of t h e  p a r t i c l e  t o  r each  the  decomposition temperature.  There is, 
neve r the l e s s ,  c l e a r  evidence t h a t  l i q u i d  bitumen was formed near  t he  Surface of t he  
p a r t i c l e .  That bitumen was oozing o u t  from between t h e  bedding planes while  t h e  
p a r t i c l e  was being hea ted ,  but  a f t e r  t h e  beam was turned o f f ,  t he  su r face  cooled and 
t h e  bitumen r e s o l i d i f i e d  i n  t h e  form of r idges .  Those r idges  a r e  c l e a r l y  seen  t o  be 
o r i en ted  p a r a l l e l  to the  bedding planes.  A few blow ho les  a r e  v i s i b l e  i n  those  
r i d g e s  of r e s o l i d i f i e d  bitumen, but t h e r e  a r e  many more unbroken bubbles con ta in ing  
v o l a t i l e s  t h a t  were probably never emit ted from the  heated su r face .  Most of those 
v o l a t i l e s  have recondensed a3 l i q u i d  t a r s  t h a t  a r e  probably s t i l l  contained within 
the  bubble enc losu res .  C lea r ly ,  although d e v o l a t i l i z a t i o n  may have occurred w i t h i n  
those bubbles,  t h e  process  was not ye t  r e g i s t e r e d  as a weight loss s i n c e  t h e  
v o l a t i l e s  never broke through the  bubble Walls. The SEM photographs i n  Figure 5 
suggest  t h a t  t he  e x t e n t  of thermal py ro lys i s  i n  a p a r t i c l e  may be more ex tens ive  

That r e a c t i o n  zone of minimum dens i ty  is bounded on 

The r e a c t i o n  zone temperature 

The minimum dens i ty  zone may be viewed a 3  a " f i z z  zone" of a c t i v e  

The bubbling " f i z z  

The consol idated char  of higher  

S t r u c t u r a l  data w i l l  now be presented t h a t  r evea l  the morphological changes i n  

The same p a r t i c l e  is shown a t  two 
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than t h a t  ob ta ined  from the  d e v o l a t i l i z a t i o n  weight l o s s .  In  o rde r  to be more 
p rec i se ,  one should t h e r e f o r e  d i s t i n g u i s h  between those  two s e q u e n t i a l  processes .  
Py ro lys i s  or decomposition occurs  f i r s t ,  and v o l a t i l e  emission occurs  l a t e r .  The 
photographs c l e a r l y  i l l u s t r a t e  t h e  n a t u r e  of t h e  mass t r a n s p o r t  l i m i t a t i o n  involved 
i n  t he  t r a n s i t i o n  between - the generat ion o f  v o l a t i l e s  by thermochemical p y r o l y s i s  
and t h e i r  subsequent emission by bubble t r a n s p o r t  and rupture .  I t  is only a f t e r  t h e  
l a t t e r  process  is complete t h a t  a f i n i t e  weight l o s s  is r e g i s t e r e d .  

The SEM photograph shown i n  Figure 6 is a l a t e r  s t a g e  i n  t h e  same process .  I t  
is a p a r t i c l e  exposed f o r  a t ime of 400 m s  a t  a l a s e r  f l u x  of about 125 W/cm2. 
Based on its mass l o s s ,  t h e  p a r t i c l e  is somewhat more than  h a l f  d e v o l a t i l i z e d ,  and 
it has c l e a r l y  no t  r e a c t e d  uniformly throughout its ex ten t .  Only the  upper h a l f  of 
t he  p a r t i c l e  ( seen  in Figure 6 as its r i g h t  s i d e )  has  d e v o l a t i l i z e d .  The lower half 
of the p a r t i c l e  (on t h e  l e f t )  is  e s s e n t i a l l y  unreacted.  It  is t he  o r i g i n a l  coa l  
s t r u c t u r e .  The l a s e r  beam was inc iden t  on t he  upper s u r f a c e  of t h e  p a r t i c l e ,  and 
only t h e  upper po r t ion  was d e v o l a t i l i z e d  du r ing  t h e  exposure time. It d e v o l a t i l i z e d  
i n t o  a dome or bubble,  and a f t e r  t he  v o l a t i l e s  contained within t h a t  dome were 
vented through blowholes,  t h e  whole s t r u c t u r e  seems t o  have s t a r t e d  t o  c o l l a p s e  
under i t s  own weight.  But, as it was co l l aps ing ,  t he  higher  molecular weight 
py ro lys i s  products  t h a t  comprise the  dome wall were s imultaneously s o l i d i f y i n g  i n t o  
a char.  When they  d i d  s o l i d i f y ,  a wrinkled s k i n  r e s i d u e  was l e f t .  

The d e v o l a t i l i z a t i o n  wave thus  appears  t o  have t r ave r sed  more than h a l f  way 
through t h e  p a r t i c l e  by t h e  t ime t h e  l a s e r  beam was turned o f f .  The p a r t i c l e  then 
cooled, and t h e  d e v o l a t i l i z a t i o n  process  was quenched w i t h  t h e  p y r o l y s i s  wave 
"frozen" i n  p l ace .  C lea r ly  t h e  th i ckness  of t h e  wave f r o n t  is s u b s t a n t i a l l y  smaller  
than t h e  p a r t i c l e  diameter ,  and one can i n f e r  a wave f r o n t  t h i ckness  of no more than 
50 p a  from t h e  SEM photograph. Similar  examples of such p a r t i a l l y  d e v o l a t i l i z e d  
p a r t i c l e s  a r e  shown i n  Figure 7. Those p a r t i c l e s  a r e  somewhat smaller  in diameter 
and were exposed t o  a l a s e r  f l u x  of about 100 W/cm2 f o r  about 1 s. Based on t h e i r  
average weight loss, the  p a r t i c l e s  were about  two-thirds  d e v o l a t i l i z e d .  In a l l  fou r  
in s t ances ,  t h e  p a r t i c l e s  a r e  viewed from the  top ,  which was the s u r f a c e  on which t h e  
l a s e r  beam was inc iden t .  Blowholes and char  r e s i d u e s  a r e  seen on t h e  top  po r t ions  
of the p a r t i c l e s .  Unreacted coa l  r e s idues  with t h e i r  c leaved edges and l edges  a r e  
c l e a r l y  v i s i b l e  a t  t h e  bottoms of the p a r t i c l e s .  Again, t h e  py ro lys i s  waves are 
frozen in p lace  af ter  having t ransversed on ly  p a r t  of the way i n t o  t h e  p a r t i c l e s .  

Experiments were a l s o  conducted w i t h  macroscopic coa l  samples of P i t t sbu rgh  seam 
bituminous c o a l ,  and those  r e s u l t s  are shown i n  F igu re  8. The dimensions of the 
sample s t u d i e d  in Figure  8 and its o r i e n t a t i o n  du r ing  l a s e r  exposure a r e  sketched a t  
the top  of t h e  f i g u r e .  The f ace  t o  be inspected by t h e  SEM was d e l i b e r a t e l y  cleaved 
some 20-30' beyond t h e  v e r t i c a l  so t h a t  it would be " i n  t h e  shadow" of t h e  u pe r ,  
i r r a d i a t e d  su r face .  
s r e s u l t e d  i n  coking of t h e  su r face  and i t s  upward expansion a s  the  char  l a y e r  b u i l t  
up in  th i ckness .  Only the  edge of the py ro lys i s  wave f r o n t  moves down t h e  cleaved 
f ace  du r ing  t h a t  exposure t ime,  and it is t h e  edge t h a t  is viewed by t h e  SEM, as 
i l l u s t r a t e d  in t h e  ske tch .  The SEM photographs of the  t r a n s i t i o n  zone between t h e  
c o a l  below and t h e  char  above a r e  shown a t  t h r e e  magnif icat ions,  with t h e  l a r g e s t  
magnif icat ion on t h e  r i g h t .  The t r a n s i t i o n  r eg ion  appears  t o  be q u i t e  sha rp .  
Despite t h e  complicat ions a s soc ia t ed  with t h e  viewing ang le ,  t h e  swe l l ing  and 
f ro th ing  of the  cha r  l a y e r ,  and t h e  waviness o f  the p y r o l y s i s  f r o n t ,  one can 
est imate  a r e a c t i o n  zone th i ckness  f o r  t h e  quenched py ro lys i s  wave t h a t  is no l a r g e r  
than about  50 pa .  

One must a l s o  r e a l i z e  t h a t  t h e r e  is some thermal i n e r t i a  in such a wave f r o n t  so 
t h a t  i t s  p rogres s ion  does not  s t o p  in s t an taneous ly  a f t e r  t h e  l a s e r  sou rce  is turned 
O f f ,  e s p e c i a l l y  i f  t he  wave f r o n t  is being d r iven  by t h e  temperature  g rad ien t  and 
thermal i n e r t i a  of a cha r  l a y e r  above it .  The wave w i l l  i nev i t ab ly  p rogres s  t o  some 
ex ten t  du r ing  t h e  decay time, and thermal d i f f u s i o n  during that same per iod may a l so  
thicken t h e  wave f r o n t .  The quenched "dead" wave seen  in Figure 8 may t h e r e f o r e  be 
somewhat broader t h a n  an a c t i v e  " l ive"  wave. Such thermal  i n e r t i a  e f f e c t s  a r e  even 
more s i g n i f i c a n t  for p a r t i c l e s  t h a t  a r e  hea ted  m d i r e c t i o n a l l y  in a fu rnace  or a 
flow r e a c t o r  than f o r  t h e  u t id i r ec t iona l ly -hea ted  p a r t i c l e s  descr ibed here.  

Exposure of the  samples t o  a l a s e r  f l u x  of 100-125 W/cm3 for  2 
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A macroscopic sample of a Wyoming c o a l  with a low-free swe l l ing  index (Hannah 
seam) was a l s o  s tud ied  by t h e  same technique,  and those r e s u l t s  a r e  reproduced i n  
Figure 9. 
s t r e s s e s  induced by the  high temperature  g rad ien t  l a s e r  exposure (100-125 W/cm2 f o r  
2 seconds) .  

I s t r u c t u r e  of the t r a n s i t i o n  zone between the  char above and t h e  coal  below. The 
pos i t i on  of t h e  py ro lys i s  wave f r o n t  is ind ica t ed  i n  Figures  9A-F by the  arrows a t  
t h e  edges of the SEM photographs.  A d e t a i l e d  a n a l y s i s  of the s t r u c t u r e  is given 
elsewhere (61 ,  but aga in  t h e  da t a  give an i n t r i n s i c  width of t h e  wave f r o n t  t h a t  is 
l e s s  than 50 pm. 

These SEM photographs i n  Figures  5, 6 ,  7 ,  8 ,  and 9 c l e a r l y  r e v e a l  the ex i s t ence  
of t h e  py ro lys i s  wave f r o n t  and its s t r u c t u r a l  r e a l i t y  on t h e  microscopic s c a l e .  
They s t rong ly  support  t h e  newer viewpoint t h a t  t h e  process  occurs i n  the  form of the  
inward progression of a py ro lys i s  wave f r o n t  from t h e  exposed su r face .  Even f o r  
small p a r t i c l e s ,  t h e s e  microscopic r e a l i t i e s  d i r e c t l y  c o n t r a d i c t  t he  t r a d i t i o n a l  
viewpoint t h a t  t h e  r e a c t i o n  process  occur s  i so the rma l ly  throughout t h e  p a r t i c l e .  

There was s u b s t a n t i a l  cracking of t he  sample caused by the  mechanical 

Those f r a c t u r e s  provide a r e v e a l i n g ,  three-dimensional view of t h e  

PYROLYSIS AND DEVOLATILIZATION OF PMMA 
Long c y l i n d e r s  of polymethylmethacrylate (PMMA) with diameters  of 0.45 cm were 

o r i en ted  on end, and exposed t o  the  same C02 l a s e r  beam. 
s u r f a c e  of t h e  rod maintained its c i r c u l a r  c ros s  s e c t i o n  as t h e  s u r f a c e  r eg res sed  
downward along t h e  a x i s  of the cy l inde r .  The weight or mass l o s s  per u n i t  area, A m ,  
was measured as a func t ion  of exposure time i n  a given laser f lux .  The da ta  a r e  
summarized i n  Figure 10. The good l i n e a r i t y  of the  Am versus t ime curves i n d i c a t e  
t h a t  s t eady- s t a t e  cond i t ions  were obtained.  Lines a r e  drawn i n  Figure 10 for  t h e  
l e a s t  squares  f i t s  t o  t h e  data po in t s  a t  each f l u x  l e v e l .  The l i n e s  a r e  well  
r ep resen ted  by t h e  equat ion 

The pyrolyzing upper 

Am = rh ( t  - 1). 5 )  
The s lope of each l i n e  thus  r e p r e s e n t s  t h e  s t eady- s t a t e  d e v o l a t i l i z a t i o n  r a t e ,  ti, a t  
each f lux ,  and t h e  ho r i zon ta l  i n t e r c e p t  is t he  induc t ion  t ime,  T, a t  t h a t  f l u x .  
C lea r ly ,  t h e  induc t ion  t ime i s  simply t h e  time requ i r ed  f o r  t h e  s u r f a c e  of t h e  
sample t o  be heated t o  t h e  d e v o l a t i l i z a t i o n  temperature .  The s t eady- s t a t e  r a t e s  a r e  
p lo t t ed  i n  Figure 11 a s  a func t ion  of t h e  n e t  i n c i d e n t  f l u x  1(1 - r )  = 0.93 I ,  
where the  r e f l e c t a n c e ,  r ,  is  taken a s  7 pc t .  A l e a s t  squares  f i t  t o  t h e  f i v e  s e t s  
of data  p o i n t s  i n  Figure 11 g ives  

rh (mg/cm2s) = 0.72 (mg/J) C0.93 I - 9.81 (W/cm2). 6 )  

The i n f e r r e d  s t eady- s t a t e  l o s s  f l u x  i s  t h e r e f o r e  It - 9.8 W/cm2, and the r a t e  
c o e f f i c i e n t  for  t h e  py ro lys i s  and d e v o l a t i l i z a t i o n  o f  PMMA is t he re fo re  k t  (PMMA)= 
0.72 mg/J = 3.01 g /kca l .  Its r e c i p r o c a l ,  l / k t  - 332 c a l / g ,  is the thermal i n e r t i a  
of t h e  py ro lys i s  wave. According t o  Equation 3, t h e  thermal i n e r t i a  is given by 

Taking t h e  decomposition temperature  for PMMA as  400 O C  (121, C(T)dT + AHv. 
t h e  heat  capac i ty  d a t a  r epor t ed  by Bares and Wunderlich (13) g ive  

I 

I 

f : p C ( T )  dT = 196 c a l / g .  The c a l o r i m e t r i c a l l y  measured value f o r  t h e  heat  of 

depolymerizat ion o f  PMMA (co r rec t ed  t o  400° C )  is 126 c a l / g  ( 1 4 ) .  The sum, 
322 ca l /g ,  is t h e r e f o r e  t h e  c a l c u l a t e d  thermal i n e r t i a  of t h e  system. The 
thermodynamically p red ic t ed  rate constant  obtained from Equation 3 f o r  t h e  py ro lys i s  
and d e v o l a t i l i z a t i o n  of PMMA is thus  i n  e x c e l l e n t  agreement with t h e  measured value 

obtained a t  r a d i a n t  f l u x e s  of 12-115 W/cm2 i s  i n  q u i t e  good agreement with the  
s lopes  measured independently by Vovelle,  Akrich, and Delfau (15 )  and by Kashiwagi 
and Ohlemil ler  (12) .  Thei r  d a t a  were Obtained a t  r a d i a n t  f l u x e s  i n  a much lower 
range of 1.4-4.0 W/cm2. 
elsewhere (6). 
l a r g e r  c r o s s - s e c t i o n a l  a r e a s  of 10 x 10 cm2 and 4 x 4 cm2, r e s p e c t i v e l y .  
Accordingly, t h e i r  loss f l u x e s  were on ly  about  1.0 and 1.5 W/cm2, r e s p e c t i v e l y ,  but  
t h e i r  p l o t t e d  s lopes  were e s s e n t i a l l y  the  same a s  those  i n  Figure 11. 

I 

( obtained from Figure 1 1 .  Furthermore,  t he  measured s lope  from Figure 1 1  fo r  d a t a  

A d e t a i l e d  a n a l y s i s  of both t h e i r  d a t a  is  presented 
Their  da t a  were f o r  v e r t i c a l l y  o r i en ted  s l a b s  of PMMA with much 

I 
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The coal  data presented e a r l i e r  can a l s o  be used to ob ta in  e s t ima tes  for  t h e  
c o a l ' s  kt-value.  The macroscopic i versus I curves  reported by Lee, Singer ,  and 
Chaiken ( 1 1 )  have a l s o  been analyzed i n  d e t a i l  elsewhere (6), and t h e i r  measured 
s lope g ives  k t  = 0.15 g/kcal  fo r  coa l .  The microscopic  p a r t i c l e  da t a  shown i n  
Figure 3 can a l s o  be used t o  i n f e r  a r a t e  c o e f f i c i e n t  f o r  coa l  of k t  = p/2k' = 
1.91 g/kcal ,  which i s  a f a c t o r  of 2-3 higher ,  C lea r ly  those d a t a  f o r  coal  a r e  
s u b s t a n t i a l l y  l e s s  accu ra t e  than the  PMMA da ta .  
f o r  independently-measured r a t e  c o e f f i c i e n t s  f o r  coa l  is probably the  b e s t  one Can 
expect consider ing the  complexi t ies  a s soc ia t ed  with the  Coal ' s  i n s u l a t i n g  char  
l a y e r ,  t he  u n c e r t a i n t i e s  i n  t h e  shape f a c t o r s  f o r  t h e  f i n e  p a r t i c l e s ,  t h e  in-depth 
absorpt ion of the l a s e r  beam which i s  s i g n i f i c a n t  f o r  p a r t i c l e  dimensions but 
t r i v i a l  f o r  l a r g e  samples,  t h e  two o rde r s  of magnitude range i n  inc iden t  f l u x e s ,  and 
t h e  th ree  o r d e r s  of magnitude d i f f e rences  i n  sample s i z e .  Thus t h e r e  is 
considerable  u n c e r t a i n t y  i n  t h e  kt-value fo r  c o a l ,  b u t  t h e  a v a i l a b l e  da t a  sugges t  
t h a t  i t  is somewhat lower than  t h e  value f o r  PMMA. Clea r ly ,  except  f o r  t h e  
complication of t h e  c o a l ' s  char  l aye r  r e s idue  and i t s  more complex d e v o l a t i l i z a t i o n  
thermodynamics, t h e r e  appear t o  be no other  e x t r a o r d i n a r y  d i f f e r e n c e s  i n  t h e  
py ro lys i s  and d e v o l a t i l i z a t i o n  behavior f o r  t h e  two substances.  Both py ro lys i s  
r a t e s  a r e  d e s c r i b a b l e  i n  terms of the  progression of a decomposition wave whose 
speed o f  propagat ion is con t ro l l ed  by thermodynamic t r a n s p o r t  c o n s t r a i n t s .  

Returning t o  t h e  PMMA d a t a ,  Kashiwagi and Ohlemil ler  (12)  and Kashiwagi (161, 
a l s o  measured s u r f a c e  temperatures  during d e v o l a t i l i z a t i o n ,  and those d a t a  are shown 
i n  Figure 12.  
i n s i g n i f i c a n t  u n t i l  some th re sho ld  temperature  is  approached, a t  which point  t h e  
r a t e  becomes exceedingly r a p i d  as t h e  i~ versus T curve t u r n s  v e r t i c a l l y  upward. 
Above t h e  th re sho ld  temperature ,  t h e  rate of p y r o l y s i s  and d e v o l a t i l i z a t i o n  becomes 
v i r t u a l l y  i n s e n s i t i v e  t o  the  su r face  temperature .  FOP t h e  exposed su r face  t o  r each  
t h e  decomposition temperature  of 350-400° C ,  a minimum threshold heat ing f l u x  is 
r equ i r ed  i n  o rde r  t o  overcome the  l o s s  f l u x ,  I,. A theory curve is shown i n  F igu re  
12 which is a s imple s t e p  func t ion  a t  T,, and i t  r ep resen t s  t he  assumption i m p l i c i t  
i n  the d e r i v a t i o n  o f  Equations 2 and 3 .  

i n  the ho r i zon ta l  po r t ion  o f  the curve (rh = 0 )  u n t i l  t h e  su r face  temperature of t h e  
sample reaches t h e  decomposition temperature ,  T,. 
decomposition temperature  T,, t h e  r a t e  becomes f i n i t e  and one is i n  t h e  v e r t i c a l  
port ion of t h e  s t e p  funct ion.  The r a t e  is then  c o n t r o l l e d  e n t i r e l y  by t h e  sou rce  
f l u x  i n t e n s i t y ,  and t h e  temperature  o f  the r e a c t i n g  s u r f a c e  becomes both i n v a r i a n t  
and v i r t u a l l y  i r r e l e v a n t .  

The model r ep resen ted  by Equations 2 and 3 t h u s  uses  a s t e p  func t ion  t o  
approximate t h e  f i n i t e  cu rva tu re  of t h e  t r a n s i t i o n  dep ic t ed  i n  Figure 12 .  I n  t h e  
horizontal  po r t ion  of the s t e p ,  t he  su r face  is hea t ing  up i n  the  input  f l u x ,  bu t  
t he re  is no d e v o l a t i l i z a t i o n  occur r ing  because t h e  temperature  is t o o  low. Once t h e  
temperature r eaches  T, and s i g n i f i c a n t  py ro lys i s  and d e v o l a t i l i z a t i o n  begin,  one 
t r a n s i t s  i n t o  t h e  v e r t i c a l  po r t ion  of t h e  s t e p ,  and t h e  system is under heat 
t r anspor t  c o n t r o l .  

It is a l s o  i n t e r e s t i n g  t o  compare the  measured induc t ion  times for the  o n s e t  o f  
t h e  py ro lys i s  and d e v o l a t i l i z a t i o n  process f o r  t h e  PMMA samples with those p r e d i c t e d  
on the b a s i s  of t h e  measured Ts value of 400° C and t h e  exac t  s o l u t i o n  t o  t h e  time- 
dependent hea t  t r a n s p o r t  equat ion.  For a s e m i - i n f i n i t e  So l id  whose s u r f a c e  is 
heated by a cons t an t  source f l u x ,  Carslaw and Jaeger  (17)  g i v e :  

A d i f f e rence  of a f a c t o r  of 2 o r  3 

The i r  d a t a ,  ob ta ined  a t  two f l u x  l e v e l s  show t h a t  &-values are 

According t o  t h e  assumption used f o r  the new model, t h e r e  is no d e v o l a t i l i z a t i o n  

once the s u r f a c e  reaches the  

T = n C p A (TS - T o ~ 2 / ~ I ( 1 - r ) - I ~ 1 2 .  
6 

7 )  

The time r equ i r ed  f o r  t he  s u r f a c e  t o  reach t h e  temperature  T3 is  t he  induc t ion  
t ime, 'I. The system is i n i t i a l l y  isothermal  a t  To = 25O C. 
is taken a8 the average value f o r  t h e  temperature range between To and T,, which is 
0.52 c a l / g  'C ( 1 3 ) .  The d e n s i t y  p is 1.18 g/cm3, and the  thermal conduc t iv i ty  A is  
taken a s  4.5 x cal/cm s O C  ( 1 4 ) .  The source f l u x  i s  taken a8 

The hea t  capac i ty ,  C ,  

l a b s  1 (l-r)-Ifi .  
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The comparison between t h e  measured 7-values from Figure 10 and those  c a l c u l a t e d  
from Equation 7 is shown i n  Table 1. The comparison i s  made f o r  two cases:  one 
with the  measured s t eady  s t a t e  l o s s  f l u x  of I a  = 9.8 W/cm2; the  o the r  f o r  111 = 0. 
I n i t i a l l y  a t  t = 0 ,  t h e  e n t i r e  sample is  a t  ambient temperature  and I t  = 0 ;  however, 
as t + T, 1, + 9.8 W/cm2. 
t h e  s u r f a c e  temperature  inc reases  from To = 25O C t o  T, = 400° C ,  t h e  l o s s  f l u x ,  
which is due mainly t o  conduction and convection t o  t h e  co ld  surroundings,  i n c r e a s e s  
from 0 t o  9.8 W/cmZ. The l o s s  f l u x  is c l e a r l y  time-dependent, but its average value 
should vary between those  two l i m i t i n g  cases .  The t a b l e  c l e a r l y  shows t h a t  t h e  
measured r-values  f a l l  between t h e  two p red ic t ed  l i m i t i n g  cases .  The on ly  excep t ion  
is the  measured r-value a t  the  h ighes t  f l ux  which is  about  a f a c t o r  of two higher  
than the  c a l c u l a t e d  value.  That d i f f e rence  is a t t r i b u t e d  t o  t h e  f i n i t e  abso rp t ion  
depth of t h e  l a s e r  beam. A t  low f l u x e s  t h a t  abso rp t ion  depth is t r i v i a l  cmpared  t o  
the  c h a r a c t e r i s t i c  width o f  t he  subsurface temperature  p r o f i l e ;  however, a t  t h e  
h ighes t  f l u x ,  t h e  two may be of comparable dimensions. Such in-depth abso rp t ion  is 
s i g n i f i c a n t  a t  t h e  the  h ighes t  f l u x ,  and a l a r g e r  mass near t h e  s u r f a c e  is a c t u a l l y  
heated by t h e  f l u x  than is c a l c u l a t e d  from t h e  simple theory from which Equation 7 
was der ived.  A s  a r e s u l t ,  t he  a c t u a l  induct ion t ime r equ i r ed  f o r  t h e  s u r f a c e  t o  
r each  T, f o r  in-depth abso rp t ion  is longer  than t h a t  ca l cu la t ed  on t h e  assumption 
t h a t  t h e  f lux  is deposi ted e n t i r e l y  at t h e  s u r f a c e .  

Table 1. - Comparison of Measured Induct ion Times f o r  t he  Laser P y r o l y s i s  of 

C lea r ly  du r ing  the  non-steady-state  induct ion pe r iod  as 

PMMA with Theore t i ca l  Ca lcu la t ions  o f  Equation 7 

' Laser Flux,  W/cm' Induct ion Time. i ,  s 
Inc iden t  Net Calculated,  Equation 7 

I I A ~ s - I ( l - r ) - I ~  Measured 19, = 9.8 W/cmC I& = 0 
11 5.0 97.2 0.101 0.057 0.047 

71 .O 56.2 0.160 0.169 0.123 
42.5 29.7 0.50 0.605 0.342 
23.2 11.8 1.83 3.84 1.16 
12.4 1.73 6.70 178 4.04 



gas-phase combustion. Since t h a t  is e s s e n t i a l l y  t h e  same process  t h a t  c o n t r o l s  
homogeneous, premixed, gaseous f lames,  d u s t  flame behavior i n  those  l imits is 
v i r t u a l l y  i d e n t i c a l  t o  t h a t  of an equ iva len t  homogeneous gas -a i r  mixture  of t h e  
d u s t ' s  v o l a t i l e s  ( 2 0 ,  21) .  Thus f o r  very f i n e  dus t  p a r t i c l e s  a t  l ean - l imi t  
concen t r a t ions ,  each p a r t i c l e  is completely d e v o l a t i l i z e d  wi th in  t h e  flame f r o n t ,  
and the  l e a n  l i m i t  concen t r a t ion  of t h e  d u s t - a i r  mixture is determined by t h e  t o t a l  
combustible v o l a t i l e  con ten t  of t he  dus t .  For example, t he  l ean - l imi t  mass 
concen t r a t ion  f o r  f i n e  polyethylene,  C H ~ - ( C H Z ) ~ - C H ~ ,  a dus t  t h a t  d e v o l a t i l i z e s  
completely i n  i ts  l e a n - l i m i t  f lame, is  i d e n t i c a l  t o  t h a t  of homogeneous gas-air  
mixtures  o f  t h e  s a t u r a t e d  a lkanes  (20,  21 1. 

convect ive quenching o f  about 3 cm/s, below which normal flame propagation i s  
impossible (22 ,  23 ) .  For d u s t  f lames,  t h e  l i m i t  burning v e l o c i t y  appears  t o  be 
somewhat h ighe r  f o r  a v a r i e t y  of reasons (24 ) .  For a homogeneous gas flame of 
burning v e l o c i t y  %, t h e  c h a r a c t e r i s t i c  width o f  t h e  flame f r o n t  is 6=a/Su and t h e  
c h a r a c t e r i s t i c  time f o r  t h e  completion of t h e  homogeneous gas  phase r e a c t i o n s  is 
-tpm = 6/Su = S e t t i n g  a = 0.55 cm/s and Su = 3 cm/s f o r  t he  l i m i t  burning 
v e l o c i t y  g i v e s  7pm = 60 m s .  
completion of t he  gas-phase r e a c t i o n s ,  and i f  t h e  r a t e  processes  a r e  slower than 
t h a t ,  t he  normal high-temperature  flame propagation process is quenched by n a t u r a l  
convection ( 2 3 ) .  For heterogeneous d u s t - a i r  f lames the  s i t u a t i o n  appears  t o  be 
somewhat more complicated.  The l i m i t  v e l o c i t i e s  appear t o  be about a f a c t o r  of 2 
h ighe r ,  but a t  t h e  same time t h e  flame zone th i cknesses  appear t o  be broader (24) .  
A higher  Su would, fo r  homogeneous f lames,  normally be a s soc ia t ed  wi th  th inne r  f lame 
f r o n t s  according t o  the previous equat ion,  6= a/Su. A higher  burning v e l o c i t y  and a 
t h i c k e r  flame f r o n t  f o r  d u s t s  suggest  t h a t  t h e  d u s t  flame is always somewhat 
a c c e l e r a t e d  by t u r b u l e n t  v o r t i c e s  which enhance t h e  d i f f u s i v i t y  f a c t o r ,  a, 
i nc reas ing  it  t o  a va lue  t h a t  is higher  than  t h e  normal laminar one (24 ) .  Those 
v o r t i c e s  a r e  a s s o c i a t e d  w i t h  t he  d u s t  f u e l  concen t r a t ion ,  which is i n t r i n s i c a l l y  
inhomogeneous on t h e  s c a l e  of e i t h e r  t he  p a r t i c l e  diameter or t h e  d i s t ance  between 
p a r t i c l e s .  In  any c a s e ,  t h a t  complication f o r  dus t  flames leaves one with an  
unce r t a in ty  i n  the  proper choice f o r  7e f o r  t h e  heterogeneous flame. It  w i l l  be 
h e r e  assumed t h a t  f o r  heterogeneous f lames,  t h e  higher  .SU a t  the  l i m i t  and t h e  wider 
flame zone t h i c k n e s s  (24) g ive  a r e  t h a t  is about a f ac to r  of 2 longer than f o r  
homogeneous f lames,  so t h a t  120 m s  i s  chosen f o r  - te .  T h a t  value is  thus the  maximum 
time a v a i l a b l e  f o r  p y r o l y s i s  and d e v o l a t i l i z a t i o n .  I f  t h e  process t a k e s  any longe r ,  
t h e  v o l a t i l e s  a r e  emi t t ed  i n  t h e  burned gases ,  which is too l a t e  f o r  them to  
c o n t r i b u t e  t o  t h e  propagat ion process  within t h e  flame f r o n t .  

As dus t  concen t r a t ions  inc rease  above t h e i r  l e a n  l i m i t  values ,  or a3 the  d u s t  
p a r t i c l e s  become c o a r s e r ,  t h e  hea t ing  and d e v o l a t i l i z a t i o n  process w i l l  begin t o  
become r a t e  l i m i t i n g .  In t h e  former case ,  a3 s t o i c h i o m e t r i c  concen t r a t ions  (with 
r e s p e c t  to t h e  v o l a t i l e s )  a r e  approached, S, f o r  hydrocarbon-like d u s t s  approaches 
its maximum value of about 40 cm/s (25). Since T~ v a r i e s  as (S,)-2, t h a t  o rde r  of 
magnitude inc rease  in Su reduces 7e by two o rde r s  of magnitude: 
about 1 m s .  For such  r a p i d l y  propagating d u s t  f lames,  on ly  t h e  s u r f a c e  r eg ions  o f  
t h e  dus t  p a r t i c l e s  can c o n t r i b u t e  v o l a t i l e s  to t h e  flame. The flame " r ides  the 
crest" of a nea r - s to i ch iomet r i c  concen t r a t ion  of v o l a t i l e s  r e g a r d l e s s  of t h e  i n i t i a l  
d u s t  loading.  That d e v o l a t i l i z a t i o n  r a t e  l i m i t a t i o n  is r e spons ib l e  f o r  t he  absence 
of a "normal" r i c h  l i m i t  of flammabili ty f o r  dus t s .  Although excess  f u e l  v o l a t i l e s  
may cont inue t o  be emi t t ed  i n  t h e  burned gases  a t  high d u s t  loadings,  they are 
emit ted t o o  l a t e  t o  d i l u t e  t h e  flame f r o n t  with excess  f u e l  vapor (18, 20, 21) .  

Data f o r  t h e  p a r t i c l e  s i z e  dependence o f  t he  l e a n  l i m i t s  of  f lammabil i ty  f o r  
Coal and PMMA, a3 measured i n  a 20-L chamber (26), a r e  shown i n  Figure 13. They 
show c l e a r l y  how t h e  p y r o l y s i s  and d e v o l a t i l i z a t i o n  r a t e  process  becomes r a t e  
l i m i t i n g  a3 t h e  d u s t  p a r t i c l e s  become coa r se r .  The curves fo r  c o a l  and PMMA have 
s i m i l a r  shapes.  The i n i t i a l l y  f l a t  region demonstrates a l ean  l i m i t  t h a t  is 
independent of p a r t i c l e  s i z e  a3 long a3 t h e  p a r t i c l e  diameter is  small  enough. The 
smaller p a r t i c l e s  can a l l  t o t a l l y  d e v o l a t i l i z e  i n  t h e  t ime a v a i l a b l e ,  and t h e  system 
behaves a s  an equ iva len t  homogeneous premixed gas.  A3 diameters  i nc rease ,  t h e  

For homogeneous gas  flames,  t h e r e  e x i s t s  a minimum burning v e l o c i t y  fo r  n a t u r a l  

That 60 ms is the  c h a r a c t e r i s t i c  t ime r equ i r ed  f o r  t h e  

from 120 m s  t o  o n l y  
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curves tu rn  upward a t  some c h a r a c t e r i s t i c  diameter because of the  d e v o l a t i l i z a t i o n  
r a t e  l i m i t a t i o n ,  and a s i z e  dependence begins  t o  appear.  A 3  shown e a r l i e r  i n  
Figures  2 and 3,  fo r  a given hea t ing  f l u x  the  d e v o l a t i l i z a t i o n  t ime inc reases  
l i n e a r l y  with p a r t i c l e  diameter .  Thus t h e  py ro lys i s  and d e v o l a t i l i z a t i o n  r a t e  
l i m i t a t i o n  appears  t o  adequately exp la in  t h e  shapes of the curves .  For a f i x e d  
flame f l u x ,  t h e  t ime r equ i r ed  for d e v o l a t i l i z a t i o n  ldv  w i l l  vary l i n e a r l y  with t h e  
p a r t i c l e  diameter Dp. 
can d e v o l a t i l i z e  completely i n  t h e  t ime a v a i l a b l e ,  and i s  controyled by t h e  gas  
phase combustion r eac t ions .  In  t h a t  range of f i n e  p a r t i c l e  s i z e s  t h e r e  is no s i z e  
dependence. 
s i g n i f i c a n t  i n  t h e  o v e r a l l  flame propagat ion process  and a p a r t i c l e  s i z e  dependence 
begins  t o  appear.  
d e v o l a t i l i z a t i o n  becomes r a t e  con t ro l l i ng .  Only t h e  s u r f a c e  regions of t h e  c o a r s e r  
dus t  p a r t i c l e s  can then d e v o l a t i l i z e  i n  t h e  120 m s  t h a t  i s  a v a i l a b l e  for flame 
propagat ion,  and hence, a higher  d u s t  loading is r equ i r ed  t o  generate  a l e a n  l i m i t  
concen t r a t ion  of combustible v o l a t i l e s .  The curves must t he re fo re  t u r n  upward. 
Eventual ly ,  when t h e  p a r t i c l e s  a r e  so  coa r se  t h a t  an excess ive  d u s t  l oad ing  is 
r equ i r ed ,  then o the r  thermal quenching processes  become s i g n i f i c a n t ,  and t h e  
c r i t i c a l  diameter is reached above which propagat ion is impossible even a t  t h e  
h ighes t  dus t  concentrat ions.  Those c r i t i c a l  diameters  a r e  t h e  v e r t i c a l  asymptotes 
of t h e  cu rves  i n  Figure 13. 

d e v o l a t i l i z a t i o n  r a t e  cons t an t s  r epor t ed  he re  fo r  c o a l  and PMMA. The c o a l  value was 
unce r t a in  by a l a r g e  f a c t o r ,  bu t  it was neve r the l e s s  lower than t h e  kt-value f o r  
PMMA, which was 3.01 g/kcal .  According t o  Equation 3 ,  when exposed for  a t ime t t o  
a ne t  f l u x  Iabs, a d e v o l a t i l i z a t i o n  wave f r o n t  w i l l  t r a v e l  a d i s t ance  x - Pot  = 

k t  I abs  t / p .  
a r e  comparable for  the  two dus t s .  For PMMA, t h e  r a t e  cons t an t  is higher  than  for  
c o a l ,  and its dens i ty  is only s l i g h t l y  lower.  Thus, Equation 3 p r e d i c t s  t h a t  t h e  
c h a r a c t e r i s t i c  diameter  for  PMMA should be somewhat l a r g e r  than the  value for coa l .  
The d a t a  curves  i n  Figure 13  support  t h a t  expec ta t ion .  

A p red ic t ion  of t h e  a b s o l u t e  magnitude of t h e  c h a r a c t e r i s t i c  diameter is a l s o  
poss ib l e .  A s  i nd ica t ed  e a r l i e r ,  t h e  t ime a v a i l a b l e  for  d e v o l a t i l i z a t i o n  wi th in  a 
heterogeneous flame f r o n t  propagating a t  t h e  l i m i t  v e l o c i t y  is t = 120 m s .  But what 
value is one t o  use for I abs  when t h e  p a r t i c l e  is being heated i n  a flame f r o n t ?  
The major unce r t a in ty  i n  p r e d i c t i n g  t h e  c h a r a c t e r i s t i c  diameter i s  t h e  unce r t a in ty  
i n  e s t ima t ing ,  I abs ,  t he  e f f e c t i v e  or ne t  hea t ing  f l u x  t o  which the  p a r t i c l e s  a r e  
exposed a3 they approach, e n t e r ,  and t r a v e r s e  through t h e  flame f r o n t .  For 
homogeneous gas  f lames,  r a d i a t i o n  from the  burned gases  t o  the  unburned f u e l  is 
usua l ly  not  s i g n i f i c a n t  because the  unburned gaseous mixture has a t r i v i a l  
a b s o r p t i v i t y .  That is  not t h e  case fo r  dus t  p a r t i c l e s ,  s o  t h a t  well  be fo re  t h e  
p a r t i c l e s  a c t u a l l y  e n t e r  t h e  flame f r o n t ,  they w i l l  absorb t h e  r ad iance  emit ted from 
t h e  hot combustion products ,  which c o n s i s t  of burned gases ,  s o o t ,  and cha r .  
Typ ica l ly ,  hydrocarbon flames e x h i b i t  a f a i r l y  cons t an t  l i m i t  flame temperature  of 
1400 t o  1500 K ,  and t h e  Planck radiance a t  those  temperatures is  5-7 cal/cm2s. 
for  a s p h e r i c a l  p a r t i c l e  approaching a flame f r o n t ,  t h a t  radiance is seen  only by 
i t 3  forward-facing hemisphere.  That radiance w i l l  however be seen for  a 
considerably longer  time per iod than t h e  p a r t i c l e ' s  120-ms r e s idence  t ime i n  t h e  
flame f r o n t .  A s  the  p a r t i c l e  hea t s  up i n  t h a t  r ad iance ,  i t  w i l l ,  however, l o s e  an 
inc reas ing  f r a c t i o n  of t h a t  r ad iance  by conduction and convection t o  t h e  surrounding 
cold a i r .  I t  is d i f f i c u l t  t o  e s t ima te  the  e f f e c t s  of t h a t  r a d i a n t  hea t  t r a n s p o r t  
process ,  but i t  is c l e a r  from the  previous e s t ima te  of the  p a r t i c l e  l o s s  f l u x e s ,  
which were a s  high a s  50 W/cm2 f o r  50-pm p a r t i c l e s  a t  T, - 450-600° C ,  t h a t  t he  
p a r t i c l e  temperatures  w i l l  remain wel l  below t h e  decomposition temperature  du r ing  
t h a t  approach per iod.  The p a r t i c l e  could neve r the l e s s  be preheated s i g n i f i c a n t l y  
above ambient temperature as it e n t e r s  t h e  flame f r o n t .  Upon e n t e r i n g  t h e  flame 
f r o n t ,  t h e r e  is  an a d d i t i o n a l  conductive-convective heat  f l u x  from the  hot gases  
wi th in  t h e  flame f r o n t .  
pene t r a t e s  i n t o  t h e  burned gases .  A 3  i t  begins t o  d e v o l a t i l i z e  i n  t h a t  

Below some c h a r a c t e r i s t i c  diameter ,  ?dv << 'I m ,  t h e  p a r t i c l e s  

However, a3 'I&, + T ~ ~ .  t h e  d e v o l a t i l i z a t i o n  rate process becomes 

For still  coarser  s i z e s ,  TdV >> lpm, and t h e  r a t e  of 

A more q u a n t i t a t i v e  a n a l y s i s  is poss ib l e  using t h e  py ro lys i s  and 

For dus t  f lames at  t h e i r  l i m i t s  of f lammabil i ty ,  t h e  I a b s  and t values  

But 

That hea t ing  f l u x  i n c r e a s e s  i n  magnitude a3 t h e  p a r t i c l e  

33 



conductive-convective f l u x ,  t h e  hea t  t r a n s p o r t  process  becomes exceedingly complex, 
and the  "blowing e f f e c t "  of t h e  emit ted v o l a t i l e 3  markedly reduces t h e  Nussel t  
number. R e a l i s t i c  e s t i m a t e s  a r e  d i f f i c u l t  t o  make; however, i n  (25)  i t  is es t ima ted  
t h a t  t h e  average power dens i ty  a c r o s s  a homogeneous, laminar ,  f lame-front  is  g iven  
by S, C p (Tb-Tu). For t h e  dus t  flames under l i m i t  cond i t ions  Su = 6 cm/s. C = 0.35 
c a l / g  K ,  p=1.5 x 10-3 g/cm3, and Tb-Tu = 1500-300 = 1200 K .  
average conductive-convective f l u x  of about 4 cal/cm2s. 
about ha l f  of t h e  p rev ious ly  e s t ima ted  r a d i a n t  f l u x  ( s i n c e  only t h e  forward 
hemisphere of t h e  p a r t i c l e  s e e s  t h e  f lame),  one o b t a i n s  l a b s  = 7 cal/cm2s. 
PMMA, t h e  t r a v e l  d i s t a n c e  of t h e  d e v o l a t i l i z a t i o n  wave i n t o  the  p a r t i c l e  du r ing  its 
exposure wi th in  t h e  f lame f r o n t  t h u s  becomes x - k t  I abs  T ~ / P  = 21 urn. 
PMMA the  depth of pene t r a t ion  of t h e  d e v o l a t i l i z a t i o n  wave f r o n t  i n  t h e  t ime 
a v a i l a b l e  for  flame f r o n t  passage under near  l imi t - cond i t ions  is about 21 urn. For a 
square p a r t i c l e  heated from two opposing f a c e s ,  t h e  p red ic t ed  c h a r a c t e r i s t i c  
diameter would t h e r e f o r e  be 42 urn. For a s p h e r i c a l  p a r t i c l e  i n  an omnid i r ec t iona l  
source f l u x ,  t h e  d e v o l a t i l i z a t i o n  of an o u t e r  s h e l l  21-pm i n  depth would a c t u a l l y  
r ep resen t  the d e v o l a t i l i z a t i o n  o f  some 90 p c t  of t he  mass of a 75-urn-diameter 
p a r t i c l e .  One should a l s o  r e a l i z e  t h a t  such omnidirect ional  hea t ing  gene ra t e s  a 
converging wave f r o n t  which w i l l  a c c e l e r a t e  as hea t  accumulate8 wi th in  t h e  p a r t i c l e .  
Equation 3 was de r ived  f o r  a p l a n a r ,  s t eady- s t a t e  wave f r o n t .  The converging wave 
w i l l  p ene t r a t e  f a r t h e r  i n t o  t h e  p a r t i c l e  during the  same exposure t ime. 
Accordingly,  one e s t i m a t e s  t h a t  t h e  measured r a t e  c o e f f i c i e n t  f o r  PMMA should 
correspond t o  a c h a r a c t e r i s t i c  diameter  of about 80-100 urn fo r  s p h e r i c a l  p a r t i c l e s .  
That e s t ima te  is a l s o  i n  f a i r  agreement with t h e  d a t a  i n  Figure 13. 

The r e s u l t a n t  i s  an 
If one adds t o  t h a t  f l u x  

For 

Thus f o r  

CONCLUSIONS 
On t h e  b a s i s  of a d e t a i l e d  a n a l y s i s  and eva lua t ion  of a d ive r se  s e t  o f  

experimental  obse rva t ions  r epor t ed  by many independent i n v e s t i g a t o r s ,  and on t h e  
bas i s  of t h e  data  r epor t ed  here  f o r  py ro lys i s  r a t e s  and microscopic s t r u c t u r e ,  i t  is 
concluded that t h e r e  is no subs t an t ive  evidence t o  support  t he  t r a d i t i o n a l  viewpoint 
t h a t  t h e  coal  p a r t i c l e  py ro lys i s  process  proceeds i so the rma l ly ,  under chemical r a t e  
con t ro l ,  or t h a t  i t  is desc r ibab le  by a unimolecular ,  Arrhenius func t ion  o f  the 
source temperature ,  Th, t o  which the  c o a l  p a r t i c l e s  a r e  exposed. The overwhelming 
weight of evidence shows t h a t  t h e  process  occur s  i n  t h e  form of a non-isothermal 
decomposition wave whose propagat ion v e l o c i t y  is l i n e a r l y  proport ional  to t h e  n e t  
absorbed heat  f l u x  i n t e n s i t y  and inve r se ly  p ropor t iona l  t o  t h e  o v e r a l l  enthalpy 
change f o r  t he  r e a c t i o n .  

The p y r o l y s i s  and d e v o l a t i l i z a t i o n  " r a t e  w e f f  i c i e n t "  is the r e c i p r o c a l  of t h a t  
o v e r a l l  enthalpy requirement  f o r  hea t ing  and d e v o l a t i l i z a t i o n .  Although t h e  r a t e  
c o e f f i c i e n t  f o r  P i t t s b u r g h  seam bituminous coal  is sma l l e r  than t h a t  f o r  t h e  s imple  
polymer, PMMA, t h e  p y r o l y s i s  and d e v o l a t i l i z a t i o n  behavior of t h e  coa l  is not 
markedly d i f f e r e n t  from that of PMMA, except  f o r  t h e  complicat ions a s soc ia t ed  wi th  
t h e  c o a l ' s  char  l a y e r  r e s idue .  

and d e v o l a t i l i z a t i o n  behavior of c o a l s  and polymers is r e a l i s t i c a l l y  desc r ibab le  by 
t h e  thermodynamic t r a n s p o r t - c o n t r o l l e d  model i n  which t h e  i n t r i n s i c  r a t e  of 
decomposition is desc r ibed  a s  a simple s t ep - func t ion  a t  t h e  decomposition 
temperature ,  T,. Below Ts the i n t r i n s i c  r a t e  is near zero.  A t  T,, t he  i n t r i n s i c  
r a t e  is s o  r a p i d  t h a t  t h e  system is hea t  t r a n s p o r t  con t ro l l ed .  There is no 
subs t an t ive  evidence t h a t  t he  temperature  of t he  r e a c t a n t  during py ro lys i s  and 
d e v o l a t i l i z a t i o n  can s i g n i f i c a n t l y  exceed T,, r e g a r d l e s s  of the source t empera tu re ,  
Th, t o  which i t  is exposed. 
450-600 O C .  

A t  f i r e  and burner l e v e l  hea t  f l u x e s  of 10-100 W/cm2 and above, t h e  p y r o l y s i s  

For PMMA, Ts is 350-400 O C ;  for  the coa l  it i s  
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Figure 1. - A schematic idealization 
Of propagation Of a planar steady- 
state pyrolysis and devolatilization 
wave front in coal as it is being 
driven by a plane-wave radiant source 
flux of intensity, I. 

Figure 2. - The devolatilization mass loss 
for coal particles of 51, 105, and 310um 
diameter as a function of exposure time at 
a constant laser source intensity of 
300 W/cmZ, from reference 5. 
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Figure 3.  - Summary of the measured half lives for coal particles as a fUnctiOn 
of laser Source intensity for the three coal particle sizes from reference 5 .  
The data points are compared with the theory baaed on heat transport 
limitations according t o  the First Law of Thermodynamics. 
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Figure 5. -, Scanning Electron Microscope (SEM) photographs of the exposed surface 
of a coal particle exposed f o r  100 ms to a laser flux of about 100 W/cmz, seen 
at two magnifications. 
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Figure 6. - SEM photograph of a coal particle, which is about two-thirds 
devolatilized after exposure for 400 ms to a laser flux of about 125 W/cm2. 
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Figure 7 .  - SEN p otographs of four d i f f erent  par t i c l e s  exposed to a l a s e r  f l u x  
of about 100 W/c> for 1 S .  The par t i c l e s  are a l l  about two-thirds devo la t i l i zed  
by the l a s e r  f l u x  incident from above. 
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Figure 10. - The measured pyrolysis 
and devolatilization weight (or mass) 
losses for 0.45 cm diameter, PMMA 
cylinders as a function of exposure 
time f o r  different input laser for surface reflectance, r. 
flux intensities in the range 12 to 
115 W/cm2. 

Figure 11. - The measured, steady-state 
rates of pyrolysis and devolatilization 
for 0.45 cm diameter PMMA cylinders, a s  
a function of input laser flux corrected 

Figure 12. - The measured surface 
temperatures at various mass loss rates 
during the pyrolysis and devolatilization 
of PMMA at two radiant fluxes as reported 
by Kashiwagi and Ohlemiller. Measured 
values compared with simplified, step- 
function theory using a discrete, 
decomposition temperature, T,. 41 

Figure 13. - Lean flammability limit as 
a function of particle diameter for 
Pittsburgh seam bituminous coal and 
polymethacrylate. 



SPECTRAL EMISSION CHARACTERISTICS OF SIZE-GRADED COAL PARTICLES* 

Thomas H Fletcher, Larry L Baxter and David K Ottesen 

Sandia National Laboratories, Livermore, CA 94550 

The spectral emission characteristics of coal are examined using Fourier transform infrared emission 
spectroscopy The data were collected from a single layer of stationary, narrowly size-classified samples of 
coal and graphite placed on a heated NaCl window Sample temperatures ranged from 120 to 200°C. FTlR 
data were collected at wavelengths between 2 2  and 17 pm (between 4500 and 580 cm-') Particle sizes 
ranged from 40 to 120 pm and coal rank ranged from lignite to bituminous 

The focus of this work is to evaluate the effects of the nongray emission characteristics of m a l  on heat 
transfer calculations and pyrometry measurements Chemical functional groups responsible for the features of 
the spectral emission are identified but not discussed Well characterized spectral features from coal samples 
are observed and discussed. The intensity of spectral peaks due to chemical functional groups in coal are 
analyzed as a function of particle size and extent of reaction The impact of spectral irregularities on pyrometry 
measurements and heat transfer calculations is evaluated. Featureless regions of the infrared emission spectra 
of coal are also analyzed and compared to graybody behavior. Reliability of pyrometry measurements in these 
regions and effective emissivities of coal particles for heat transfer calculations are discussed. 

INTRODUCTION 

Spectral and total emission characteristics of coal have been reported in the past, with emissivities 
ranging from 0.1 to near unity Several investigators (1-3) have published results indicating that coal is not 
a strong absorber of radiation at infrared wavelengths Values of the imaginary part of the complex index of 
refraction on the order of 0 05 are reported by these authors Other authors report much larger imaginary 
coefficienls, of the order of 0.3 (4-6), indicative of higher abosrbance and emittance of radiation. 

A strong and irregular dependence of emissivity on wavelength would be expected of an organic com- 
pound containing a variety of chemical functional groups, such as coal, if the material is either generally 
transparent or very thin Such results are reported by Solomon and coworkers (3) for particles less than 40 

p m  in diameter, although the size of the particles is not always well defined in their work Commonly available 
infrared absorption and diffuse reflectance spectra of coal samples are consistent with the spectral features 
reported by Solomon However, these features should become indistinguishable from the diffuse background 
absorption as the particle size increases. Solomon noted this trend, but did not define a particle size where the 
spectral features of the emission become insignificant compared to the diffuse background radiation Large 
or highly absorbing particles should show less variation of emissivity with wavelength; they should become 
approximate gray-bodies. 

* Research conducted at the Combustion Research Facility, Sandia National Laboratories, Livermore, 
California, and sponsored by the U.S. Department of Energy through the Pittsburgh Energy Technology Center's 
Direct Utilization Advanced Research and Technology Development Program. 
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The overall emissivity of coal includes diffuse, broadband absorption in addition to peaks associated 
with specific functional groups. The broadband absorption of coal probably arises from electronic excitations 
of li electrons in the graphitic, aromatic bonds in the coal matrix (7-9). These electrons are loosely bound by 
the nuclei, and can absorb radiation over a continuous wavelength region which extends far into the infrared. 
However, the electrons are not entirely free from nuclear attractions, and their emission spectra would not 
necessarily be expected to follow Planck's law. Therefore, even the radiation from coal at wavelengths void of 
any identifiable functional groups may not be gray in its characteristics. 

The literature cited above indicates that the spectral emission of coal particles at sizes of importance 
to pulverized coal combustors (50-150 pm) is potentially nongray and could depend in complicated ways 
on particle size, coal rank, temperature and extent of reaction. However, the emission would be expected 

to behave more like a graybody with increasing particle size, coal rank, temperature, and extent of reaction. 
Although all of the literature suggests that there is some size at which the coal particle emission is nongray, 
no study has been sufficiently definitive to quantify such a size for coals of various rank. 

IMPACT OF NONGRAY COAL EMISSION ON COMBUSTION 

The potentially nongray emission of coal particles impacts combustion in the areas of overall heat transfer 
and in the calculation of particle temperature from pyrometer measurements. An abnormally low emissivity 
due to nongray behavior could impact radiative heat transfer effects and either increase or decrease the rate 
of particle heat up, depending on the wall and particle temperatures and the optical depth of the combustion 
gases. Data collected in experimental and industrial combustors in which radiation is a signficiant contributor to 
the overall heat transfer to the particle may be subject to misinterpretation or error if an inappropriate emission 
spectrum is assumed. A particle emissivity which depends on particle size, coal type, and extent of burnout 
may be required to accurately calculate radiation heat transfer 

The sensitivity of two-color pyrometry to nongray emissions is illustrated in Figure 1 for three sets of 
wavelengths. The effective emissivities of the coal were assumed to be 0.9 and 0.8 at A, and A*.  respectively. 
The same results would apply for any emissivities with a ratio of 9:8 Pyrometry measurements at longer 
wavelengths are more sensitive to nongray emissivities. For example, if the ratios of emissivities are 9% a 
pyrometer operating at 5 and 6 pm would indicate the temperature of a 1500 K particle is over 3000 K and 
that a 2000 K particle would be measured as over 9000 K This sensitivity provides practical motivation for 
determining the spectral emissivities of coal. 

The experimental work reported in this paper analyzes spectral emissivities of various sizes and ranks 
of coal particles using emission FTlR techniques. Discussions of the experiment, the functional groups found 
in the spectra, and the size, burnout. and rank dependence of the findings follow. 

EXPERIMENTAL PROCEDURE 

Figure 2 is an illustration of the experimental equipment and optical layout employed in this study. A 
single layer of sized particles of coal and graphite were placed on a horizontal window of NaCl mounted in an 

aluminum ring. An electric strip heater was wrapped around the mount. The NaCl window was used because 
it can withstand higher temperatures without degradation and has a higher thermal conductivity than other 
windows that are transparent throughout the infrared spectrum. Temperatures as high as 4 0 0 T  are possible 
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with this arrangement, although the temperatures used to obtain the spectra presented in this report seldom 
exceeded 200°C. The heated sample, optics, interferometer, and detector were enclosed in a nitrogen-purged 
container 

All coal samples were obtained from the Pennsylvania State University Coal Bank. The coal samples 
were ground in a nitrogen atmosphere. size classified by sieve trays, and some were dried in a nearly inert 
atmosphere at 305%. Graphite samples were prepared similarly All samples were visually examined and 
some were photographed after they were placed on the window to ensure they were well size-classified and 
formed a single layer. 

The heated sample disc was movable in the horizontal plane, allowing the FTlR instrument to measure 
emission from the coal and from the graphite through the heated window, and from the heated window itself. 
The field of view of the system, calculated from geometric optics, was 6 mm in diameter at the sample plane. 
In practice, a portion of the signal from the edge of the collecting lens was lost, probably due to overfilling the 
detector 

The spectra in this paper were produced by averaging 800 interferograms. each with a resolution of 4 

cm-'. Approximately 5 minutes were required to obtain one spectrum under these condtiions. The large num- 
ber of scans produced a high signal-to-noise ratio over most of the infrared region; peaks were observed with 
sufficient resolution to allow comparison with literature results. The emissivity of the coal ( L ~ )  was determined 
at each wavelength from the following equation: 

where R is the measured intensity (radiance and system response), A is the emitting area, c is emissivity, and 
subscripts s. g, and w refer to sample (coal), graphite, and window, respectively. The numerator in Equation 1 

represents the energy flux emitted by the sample, accounting for background emission from the window. The 
quantity in parenthesis represents the emissivity of the sample relative to the emissivity of the graphite, and 
hence the right-hand side is multiplied by e , .  This approach assumes that fg is constant over the wavelength 
spectrum. The spectral emissivity of the graphite particles was determined by correcting the measured intensity 
(R,) for the system responsivity, the graphite particles exhibit nearly graybody behavior with a total emissivity 
Of 092 

Emission FTlR is subject to interference from atmospheric absorption and emission. This effect was 
minimized in this experiment by measuring the emissivity of a reference body (graphite) of the same size 
and under the same conditions as the coal. This experimental procedure is roughly equivalent to individually 
calibrating the system responsivity for each measurement. Our experience was that this technique, combined 
with Equation 1 ,  yielded spectra of superior quality to the more common approach of determining a single 
fixed system responsivity for several or all of the spectra. 

The emitting areas of the graphite and coal and the transmissivity of the window were determined by 
measuring the extinction of a HeNe laser beam as it passed through a sample. The HeNe beam was expanded, 
and a central portion of the beam with the same diameter as the diagnostic area (6 mm) was used to minimize 
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eriors from gradients in beam intensity. A power meter with a large detection area was used to measure the 
beam intensities and minimize errors due to scattered light 

The particle temperatures were assumed to be close to the window temperature, which were measured 
with a type K thermocouple placed on the window itself in the vicinity of the sample. The temperature at the 
center of the window was typically 5-10 Kelvins lower than that at the edge. However, the samples were located 
equidistant from the window edge to minimize errors due to temperature gradients. The data analysis can be 
completed without specifying the actual temperature so long as the window. coal, and graphite temperatures 
are equal. 

The estimated accuracy of the measured emissivities is i 5 relative percent. The major source of 
uncertainty in the emissivity was the determination of the actual emitting surface area. Although the HeNe 
laser could accurately measure the cross-sectional area of the samples within the nominal 6 mm sample, there 
were indications that a fraction of the signal from this area was not transmitted to the detector. 

FEATURES OF THE COAL SPECTRA 

Figure 3 is typical of the spectra collected in this study, showing the spectral emissivity of 40 pm diameter 
particles of a hvA bituminous coal (Pittsburgh #8, PSOC 1451). Peaks from various functional groups are 
identified in the figure. One small peak, at about 1850 cm-', is not typical of coal and has not yet been 
identified. The remaining peaks agree precisely with published spectra collected with a variety of instruments 
and techniques and validate the experimental procedure described above. Similar spectral features were found 
in the coals of other ranks. The spectra show maximum emissivities Close to unity in regions of functional 
group absorption. The absorption of these peaks is typically high for submicron particles (8) and should not 
decrease with increasing particle diameter 

Some reaction of the coal was observed when the temperature was held above 150°C for 3 hours or 
longer For example, the evolution of a peak at 1850 cm-I is observed over a 2.0 hour period. Other coal 
reactions which were indicated by reductions in peak size include loss of hydrogen-bound hydroxyl and a 
small decrease in the aliphatic carbon. However, consecutive spectra taken within one hour of each other 
showed no losses and were reproducible at temperatures below 170°C In any case, there was no evidence 
that a spectrum changed during the 5 minutes required to collect it. 

DEPENDENCE OF EMISSIVITY ON SIZE, BURNOUT AND RANK 

(The spectral emissivity for 115 pm particles of a Pittsburgh seam (high-volatily A) bituminous coal is 
shown in Figure 4 A comparison of Figures 3-4 shows the dependence of spectral emissivity on coal particle 
size. The peaks are broader, the valleys are higher, and the emissivity in the featureless regions has increased 
for the larger particles, as anticipated. The emissivity of 115 pm particles of this bituminous coal varies from 
0.7 to 1 0 over the range of 500 to 4100 cm-'. 

The spectral emissivities for 115 pn particles of a subbituminous coal and a lignite are shown in Figures 
6 and 7. The Subbituminous sample (PSOC-1445d) is a Western coal from the Blue #1 seam, and the 
lignite sample (PSOC-1507d) is a lignite from the Beulah Zap seam. These coal samples were sieved and 
aerodynamically classified under nitrogen to enhance size classification. These particular samples were not 
dried prior to analysis 
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The dependence of emissivity on coal rank can be seen by comparing Figures 5-7. The nongray behavior 
of Ihe lignite is more pronounced than in either of the higher rank coals, with emissivity varying from 0.57 to 
1 0 in the region of the infrared indicated However, little indication of aromatic spectral features is present in 
either of these samples. Interference from water in these undried samples is evident in the spectra 

A spectrum of partially devolatilized bituminous (PSOC 1451) coal appears in Figure 8 This sample 
was prepared by entraining the coal in a 1000 K inert gas stream in a down-fired. laminar flow reactor. The 
proximate volatile content of the parent coal is 40 % on a dry, ash-free basis The weight loss of these samples 
has not yet been measured, but it is estimated that devolatilization was nearly completed when the sample 
was collected. The unreacted coal particles used in this analysis were those used to generate Figure 5. The 
dependence of particle emissivity on coal burnout can be seen by comparing Figures 5 and 8. 

The emissivity of these particles is quite constant at 0 8 at wavenumbers above 1900 cm-I The aliphatic 
and hydroxyl groups, which were emitting strongly in the unreacting coal, appear to have either volatilized or 
reacted to form other compounds However, a weak aromatic peak persists at 3000 cm-i The emissivity of 
the aromatic peaks between 500 cm-' and 1900 cm-I slightly exceeds that of the parent coal, possibly due 
Io the formation of tar. Finally, the emissivity in featureless regions of the spectrum did not change appreciably 
from the parent coal. 

IMPLICATIONS ON PYROMETRY AND RADIATIVE HEAT TRANSFER 

The spectral emissivity shown in Figure 5 can be used to evaluate the potential impact of nongray 
emissions on pyrometry measurements. For example, a two-color pyrometer operating at 3333 and 2500 
cm-' (3 and 4 pm) would overestimate the temperature of a 1500 K particle by 200 K A similar error would 
occur if the pyrometer operates at 3333 and 2000 cm-I (3 and 5 pm). If the pyrometer were operating 
at 2000 and 1667 cm-I (5 and 6 pm), it would underestimate the particle temperature by 700 K. Errors 
in pyrometry measurements due to nongray emissivilies can be minimized by making one measurement at 
a short wavelength (around 1 pm) or increasing the separation between wavelengths, the former strategy 
being more effective than the latter. These trends are shown in Figure 1 However, signal strengths at typical 
combustion temperatures decrease sharply with decreasing wavelength in the near infrared and visible regions, 
requiring a judicious choice between acceptable signal-to-noise ratios and sensitivity to this type of error. 

Total emissivities for use in radiative heat transfer calculation will depend in a complicated way on coal 
rank and on particle size. temperature, and degree of burnout. For high rank coals above 40 pm in size, 
the total emissivity could vary between.0 65 and near 1 0. Lignites have a wider variation in emissivity The 
importance of these variations and the effect they have on heating rate depend primarily on the combustor 
configuration and flow field. In many instances, devolatilization may be completed before the particle reaches 
a high lemperature, and only the optical properties of the residual char affect combustion behavior. 

CONCLUSIONS 

An emission FTlR experimental technique is used to study emission characteristics of coal particles 
Coal particles in the size ranges between 40 and 115 j lm show nongray behavior at wavelengths between 2.2 
and 17 p m  Spectral emissivities of high rank coals vary from 0 7 to 0 98. Spectral emissivities of lignites may 
be as low as 0 5 at some wavelengths. The particles generally are more gray as particle size, rank and extent 
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Of burnout increase The emissivity generally Increases with increasing rank and particle size As burnout 
increases, the particle emissivity can either increase. decrease. or remain constant. depending on the region 
of the spectrum being considered. 

Pyrometry measurements in the 2 2 to 17 pm wavelength interval are subject to errors due to nongray 
effects The errors in temperature measurement vary from a few hundred degrees to many thousands, de- 
pending on the wavelengths chosen Operating one channel of the pyrometer at a short wavelength reduces 
the chance for error. 

The effect of nongray emissions on heat transfer calculations will depend on the particular combustor 
and flow field being used Total particle emissivities range from about 0 6 to 0 95 for 115 pm diameter particles. 
depending on particle temperature and coal rank Smaller particles irom low rank coals have lower emissivities. 
Partially devolatilized samples of bituminous coal emit as gray bodies over a large portion of the infrared 
spectrum, with emissivities of about 0 8. 
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The Significance of Transport Effects in Determining 
Coal Pyrolysis Rates and Yields 

Eric M. Suuberg 
Division of Engineering 

Brown University 
Providence, R . I .  02912 

INTRODUCTION 

The recent search for robust but mathematically simple models of coal 
pyrolysis has led to many significant advances in the area of modeling the wide range of 
chemical reactions responsible for many key phenomena (gas release, tar formation). It 
has also become clear that transport phenomena cannot be disregarded in such models. 
There has emerged a debate concerning the role of heat transfer and various mass 
transfer processes in determining both the overall timescales of pyrolysis, and the 
compositions of products from these processes. Many of the earlier theories concerning 
the role of transport processes in coal pyrolysis were reviewed in various recent 
publications (Howard, 1981; Gavalas,1982; Suuberg.1985). It seems appropriate in the 
context of this symposium to review some recent developments and conclusions. 

T OF PEQLXSLS 

It is instructive to consider exactly what is meant by the term "heat of 
pyrolysis". This term has been used in many different ways by many different workers, 
and as a result there is some confusion about the magnitude of the term and whether it 
even warrants inclusion in any particular analysis. The various possible components of 
the heat of pyrolysis are: 

1. The sensible enthalpy of heating the coal and its 
decomposition products to a particular temperature. 

2. The enthalpy of the actual decomposition reactions. 
3 .  The heat of vaporization of any condensed phase 

decomposition products that ultimately escape the particle 
by evaporation (i.e. not all tar molecules evaporate 
immediately when formed in the coal- they must diffuse 
first to a surface at which they can evaporate). 

Some species essentially evaporate as they are formed (e.g. C02), and it is customary to 
lump the heat of evaporation and heat of reaction into a single term (the enthalpy of 
reaction) in those cases. Under the conditions of relevance in coal pyrolysis, only in 
the case of formation of the heavy tars will the distinction between steps 2 and 3 above 
be important. 

between the contributions of items 1 and 2 to the heat of pyrolysis. Few workers have 
tried to distinguish between all three effects. Many of the experiments upon which 
estimates of the heat of pyrolysis are based simply are not designed so a s  to permit the 
distinctions to be drawn. for example, a calorimetric experiment in which a sample is 
pyrolyzed in the interior of a calorimeter (Davis,1924) will not take into account the 
heat effect due to item 3 above-in addition to the recondensation of tars inside the 
calorimeter, one will also have to generally contend with condensation of water and 
lighter oils as well. The corrections due to such condensation effects (which are 

Most, though not all workers in the field, have sought to distinguish 
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generally unlikely in actual pulverized gasification or combustion processes) may be 
difficult to make, even if the composition of the products is known. Other types of 
experimental systems have not lent themselves well to separation of sensible enthalpy 
and reaction enthalpy effects.Much of the difficulty derives from the fact that the 
enthalpy effects due to reaction and evaporation processes are small, and of the same 
order of magnitude as sensible enthalpy effects. 

of pyrolysis is small enough to neglect. These workers however pointed out several 
important facts: 

1. The net heat of pyrolysis varies quite a bit with rank 
2. The heat of pyrolysis that will be reported from any 

experiment depends upon the conditions under which 
pyrolysis is performed. 

involve a series of endo- and exotherms which sum to the 
total heat of pyrolysis. 

The work of Davis and Place(1924) is often cited as evidence that the heat 

3. Related to the above, the heat effects of pyrolysis 

Davis and Place reviewed some earlier relevant literature that suggested many of the 
same uncertainties that are cited today--the variabilty of apparent heats of pyrolysis 
was large, with values ranging from 1060J/g endothermic to 837J/g exothermic.In their 
own calorimetric work, Davis and Place found apparent enthalpies of reaction that were 
in all cases less than 400J/g endothermic. The lower ranks of coal were observed to 
exhibit the largest endothermic reaction enthalpies, when a correction was applied to 
take into account the latent heat of condensation of water. Higher temperatures seemed 
to promote the occurrence of more endothermic processes, 
to the gaseous environment (Davis, 1924). It is important to note that this work 
involved slowly heated samples, pyrolyzed at low temperatures. No corrections were 
included for the latent heat of evaporation of tars. It is not clear how reliably these 
results can be extrapolated to the higher temperature and heating rate conditions of 
pulverized coal processing. 

differential scanning calorimetric techniques ( D S C ) .  They obtained qualitatively similar 
results to those of Davis and Place, in that their enthaplies of pyrolysis ranged from 
about 8OJ/g exothermic to 250J/g endothermic. 

Burke and Parry (1927) provided a different viewpoint to the study of this 
problem. They distilled coals to 810K in an open retort, such that all the tar that was 
evolved from the bed could escape in the vapor state, and thus at least some 
contribution of a latent heat of tar evaporation was included. Also, they did not 
separate out sensible enthalpy effects from reaction enthalpy and latent heat effects in 
their experiments. The net heat consumed by a Colorado subbituminous coal was 1109J/g, 
while a Pittsburgh high volatile bituminous coal consumed 946Jlg. An attempt was made by 
the authors to factor out the contribution of sensible enthalpy, and they concluded that 
the values of 16Jlg (Pitt. coal) and 198J/g (Colo. coal), both exothermic, were in 
reasonable agreement with the results of Davis and Place (not including latent heat 
corrections). These values demonstrate very well the difficulty that will be encountered 
in any attempt to factor out sensible enthalpies by calculation--the values are 
sufficiently large compared to the reaction enthalpy terms that the calculations cannot 
be considered reliable, except to provide an order of magnitude estimate. 

A number of subsequent attempts have been made to estimate the heats of 
pyrolysis, including the sensible enthalpy terms. The work of Kirov (1965) has led to a 
correlation for the heat of coking: 

Q(J/g)-343+1.20T 
where T is the temperature of coking in centigrade (see also Sharkey and 
McCartney,l981). The work of Lee (1968) suggests a similar correlation: 

as did the addition of hydrogen 

Some years later, Mahajan et al.(1975) studied the same problem using 
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Q(J/g) =[O. 728+8.2B~lO-~T+ (1.38+2.30~10-~T)VI (T-21) 
where V is the volatile matter content of the coal. Using either method yields fair 
agreement with the earlier cited data of Burke and Parry, though obviously the first 
correlation's use is restricted to coking coals. The success of such simple correlations 
must again be ascribed to the fact that sensible enthalpy terms dominate the estimates. 

(1971), who imply that there is a distinct heat of vaporization which has to be supplied 
in order for volatiles to escape. The value cited in that work is 627.9J/q of coal, and 
is'based upon the authors' own experiments. This value is considerably higher than most 
estimates of the heat of reaction, and most estimates of the latent heat of tar 
volatiles evaporation. It is difficult to obtain data on the latent heats of 
Vaporization of the heavy tars of interest in coal pyrolysis. Briggs and Popper (1957) 
proposed a correlation for the latent heat of vaporization of "tar oils'' which has the 
form: 

AHv(J/g)=S20 (485.8-0.598Tb) 
where S2o is the specific gravity of the tar at 2OoC and Tb is its boiling point in K. 
The difficulty in using this correlation for  coal tars is that their boiling points are 
not well known. To address the need for estimates of tar vapor pressures, Unger and 
Suuberg (1983) developed a crude correlation as a function of molecular weight alone, 
based on limited data on the vapor pressure of ring compounds with sidechains: 

where M is the molecular weight of the tar, T is the temperature in K.A "typical" tar 
molecular weight of 600 (see Unger and Suuberg.1984) would be estimated to have 
Tb-1250K. This is clearly outside the range of applicability of the above correlation. 
Instead, applying the Clausius-Clapeyron equation to the vapor pressure equation itself 
yields 

AHv(J/g) = 2120M-o.414 
Another similar analysis by Homann(1976) yields: 

AHv (J/g) - 1960M-O .34 
These correlations give estimates for a typical tar species of 600 molecular weight of 
AHv=150 to 215J/g.To compare this value to earlier cited estimates of heats of 
pyrolysis, one can note that tar yields represent typically no more than 1/4 to 1/3 the 
mass of a particle; thus the latent heat of tar evaporation is a sink of order 70519 
coal if all tar had M=600. A lower assumed molecular weight does not change the 
conclusion much--e.g. M=200 gives a latent heat requirement of about 1OOJ/q coal. Thus, 
the latent heat term is of the same order of magnitude as the measured heats of 
pyrolysis reported earlier. 

there are so many possible contributing processes. Attempts at estimation of this term 
by measurement of pyrolysis products, and then comparing heats of combustion of starting 
material and final products have been difficult (one such attempt is described in 
Suuberg et a1.,1978). All that can be said as a result of these efforts is that at high 

apply. Recent experiments in which the temperature response of a coal-loaded, 
electrically heated wire grid is carefully examined seem, upon rough calculation, to 
support the earlier estimates of the magnitude of the heat of pyrolysis as well 
(Freihaut and Seery, 1983). 

The above viewpoint is apparently at odds with that of Baum and Street 

Po (atm) =5756exp(-255M. 586/T) 

Estimation of the reaction enthalpy term is also quite difficult, because 1 
t 
'r 

i 
I , heating rates (1000K/s), the general conclusion of near-thermoneutrality seems to still 

P 
It appears, then, that the weight of evidence still favors the viewpoint 

that the heat of pyrolysis is dominated by sensible enthalpy requirements for heating 
the particle to reaction temperature, and that the reaction enthalpy requirements and 
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l a t e n t  h e a t  requi rements  a r e  both  modest ( n o t  more t h a n  1 / 4  t o  1 / 2  of  t h e  t o t a l ) .  This 
means t h a t  t h e  c l a s s i c a l  a n a l y s i s  of h e a t  conduction i n  a s o l i d ,  i n  which t h e  r e a c t i o n  
en tha lpy  and l a t e n t  h e a t  e f f e c t s  a r e  neglec ted ,  s t i l l  appears  reasonable .  Under t h e s e  
circumstances,  t h e  c h a r a c t e r i s t i c  t i m e  f o r  d i f f u s i o n  o f  h e a t  i n  t h e  absence of r e a c t i o n  
h e a t  e f f e c t s  is :  

tH =O (?/a) 
where r is t h e  p a r t i c l e  r a d i u s  and a t h e  thermal  d i f f u s i v i t y  of t h e  p a r t i c l e ;  t h e  l a t t e r  
i s  tempera ture  dependent,  b u t  of o r d e r  1 ~ 1 0 - ~ c m ~ / s  a t  low tempera tures  (Badzioch et 
a1.,1964).  The t i m e s c a l e  f o r  p y r o l y s i s  r e a c t i o n  may be d e f i n e d :  

Natura l ly ,  t h e  absence  of  hea t  t r a n s f e r  l i m i t a t i o n s  d u r i n g  r e a c t i o n  i s  assured  by 
tR>>tH, or, approximate ly :  

This  is s i m i l a r  t o  t h e  c r i t e r i o n  suggested by Gavalas (1982) .  The s e l e c t i o n  of A and E 
has  a s i g n i f i c a n t  effect on t h e  conclus ions ,  however. A conserva t ive  approach might 
involve  s e l e c t i o n  of t h e s e  parameters f o r  t h e  f a s t e s t  r e a c t i o n  of i n t e r e s t .  This might 
be, f o r  example, t h e  i n i t i a l  CO2 evolu t ion  r e a c t i o n s  i n  p y r o l y s i s  of l i g n i t e s ,  f o r  which 
A=2.1x1011s-1, E=15lkJ/mol (Suuberg e t  a l . ,  1978) .  S e l e c t i n g  a s  an  a r b i t r a r y  ambient 
tempera ture  1650K, h e a t  t r a n s f e r  l i m i t a t i o n s  a r e  a p p a r e n t l y  n o t  important only if 
r<O.O5pu! For a tempera ture  of  1200K, r<0.4pm. These r a d i i  a r e  cons iderably  s m a l l e r  than  
t h o s e  c a l c u l a t e d  by Gavalas,  and serve  t o  i l l u s t r a t e  t h e  importance of t h e  choice  of 
k i n e t i c  c o n s t a n t s  i n  such ana lyses .  Recognizing t h a t  c o a l  p y r o l y s i s  involves  a broad 
spectrum o f  r e a c t i o n s ,  each  w i t h  i t s  own k i n e t i c  parameters ,  t h e  so-ca l led  d i s t r i b u t e d  
a c t i v a t i o n  energy  models have been developed. If one u s e s  a mean a c t i v a t i o n  energy t o  
obta in  a c h a r a c t e r i s t i c  t i m e s c a l e  f o r  a p y r o l y s i s  r e a c t i o n s ,  t h e  conclus ions  change 
markedly. For example, Anthony e t  a l .  (1975) r e p o r t  t h a t  f o r  p y r o l y s i s  of a l i g n i t e ,  t h e  
mean v a l u e  of  E i s  204kJ/mol, A = 1 . 0 7 ~ 1 O ~ ~ s - ~ .  With t h e s e  k i n e t i c  parameters,  such a 
t imesca le  a n a l y s i s  s u g g e s t s  t h a t  a t  1200K, ri30pn i s  s u f f i c i e n t  t o  a s s u r e  t h e  absence of 
h e a t  t r a n s f e r  l i m i t a t i o n s .  It i s  a l s o  apparent t h a t  t h e  c h o i c e  o f  temperature has  an 
e f f e c t  on t h e  conclus ions  reached above. It may l e g i t i m a t e l y  b e  asked i f  t h e  use of t h e  
ambient tempera ture  as t h e  c h a r a c t e r i s t i c  tempera ture  may not be t o o  conserva t ive ,  s i n c e  
t h e  p a r t i c l e  may be w e l l  below t h i s  tempera ture  dur ing  much o f  t h e  p r o c e s s .  This a s p e c t  
w i l l  be c l a r i f i e d  below. 

Another a n a l y s i s  t h a t  has  been sugges ted  as a method of  determining whether 
h e a t  t r a n s f e r  l i m i t a t i o n s  a r e  s i g n i f i c a n t  i s  t h a t  due t o  F i e l d  e t  a l . ( 1 9 6 7 ) .  In  t h i s  
ana lys i s ,  t h e  magnitude of t h e  temperature g r a d i e n t  i n  a p a r t i c l e  is examined ( g e n e r a l l y  
t h e  c e n t e r  of t h e  p a r t i c l e  is  c o o l e r  than  t h e  ambient ) .  The magnitude of  t h e  s u r f a c e  t o  
c e n t e r  tempera ture  g r a d i e n t  is, conserva t ive ly :  

where q i s  t h e  s u r f a c e  hea t  f l u x  and k t h e  thermal c o n d u c t i v i t y  of  t h e  p a r t i c l e .  For a 
l o o p  p a r t i c l e  be ing  r a d i a t i v e l y  hea ted  i n  a 1650K environment, t h e  maximum value  of q 
i s  roughly 40W/cm2. Taking a t y p i c a l  k=2.5~10-~W/cm-K (Badzioch et a1 . ,1964) ,  t h e  
maximum AT is c a l c u l a t e d  t o  b e  roughly 40K. F i e l d  et a l .  ci te t h i s  as evidence t h a t  
pu lver ized  f u e l  p a r t i c l e s ,  which a r e  g e n e r a l l y  less than  l o o p  i n  d iameter ,  may be taken  
a s  e s s e n t i a l l y  s p a c i a l l y  i so thermal .  For any p a r t i c l e  t h a t  does have an i n t e r n a l  
tempera ture  g r a d i e n t ,  t h e  r e l a t i v e  r a t e s  of p y r o l y s i s  a t  i t s  s u r f a c e  and c e n t e r  may b e  
es t imated  from: 

tR =o [A e x p ( - ~ / ~ ~ ) ~ - l  

r < [ O . l a  exp(E/RT) /AI-' 

AT =rq/2k 

ks/kc = exp[  (l/Tc-l/Ts)E/R1 -exp[ATE/RTSZl 
where t h e  k ' s  a r e  r a t e  c o n s t a n t s  and t h e  s u b s c r i p t s  c and s r e f e r  t o  c e n t e r  and s u r f a c e ,  
r e s p e c t i v e l y .  For E=15lkJ/mol and t h e  above AT=4OK, a p p a r e n t l y  t h e  r a t i o  i s  1 .65  a t  
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Ts=1200K o r  1.3 at 1650K. Thus the rates throughout the particle are reasonably 
constant. The ratio increases with increasing E and decreasing Ts, but even if 
E=204kJ/mol and Ts=1200K, the ratio is but 2. Thus the rates at the surface and center 
of the particle are both of the same order of magnitude in such a case. 

conclusions about the importance of internal heat transfer limitations for particles in 
the 30-100p size range. This is symptomatic of the confusion that exists concerning the 
role of heat transfer in pyrolysis. The resolution of the apparent conflict comes in 
closer examination of the criteria for heat transfer control.It was noted above that the 
use of the ambient temperature in the calculation of characteristic times for reaction 
was unduly conservative. The more reasonable approach involves examining the timescales 
for pyrolysis of both the center and the surface of the particle, given an estimate of 
the actual AT in the particle. Only if the latter quantities differ significantly is 
there an important internal heat transfer limitation. 

role of sxternal heat transfer limitations. For the purposes of illustration, 
that pyrolysis can be modeled as a simple first order process with a rate: 

dM/dt=-A M exp(-E/RT) 
where M is the mass of unpyrolyzed material remaining at time t. Further, assume that 
the particle heats up at a linear rate dT/dt=B, then it has been shown numerous times 
that it is possible to approximately integrate the rate expression above to obtain 
conversion (l-M/MO) as a function of maximum temperature achieved (T,): 

The two different methods of analysis apparently yield contradictory 

There has also been some confusion caused by imprecise discussion of the 

(l-M/MO) =exp(-A exp(-E/RT,) [tit8Tm2/EBl) (Eqn. A) 
where ti is the time of any isothermal period during which the particle is held at T,. 
Since the conversion as a function of time is determined by B, which in turn is a 
function of external heat transfer rate, this has in some cases been interpreted as an 
example of an "external heat transfer limitation". But it should be noted that chemical 
kinetics do indeed play a role in determining the time necessary to achieve complete 
conversion. Also, the case in which B is infinite can be recognized as the familiar case 
of complete chemical rate control. 

COAL DEVOLATILIZATION 

uniformlv heated at a constant rate B(K/s) must be given by: 

where d is the particle diameter. Assuming B=1000K/s, d=75p, and previously cited 
values, q=3.1W/cm2, which implies that AT-2.4K. Thus the particles are essentially 
uniform in temperature and the many experiments on pulverized particles heated at these 
rates (common for heated grids) would be expected to be governed by the nonisothermal 
kinetic expressions of the form of eqn. A. These experiments then do indeed yield 
information on true kinetics. 
conditions, AT- 430K, and the interpretation of the results in the same terms is 
questionable at best. 

a temperature gradient of about 24K, given the present assumptions. At a surface 
temperature of 1000K. the rate of a pyrolysis reaction with 2lOkJ/mol activation energy 
would be 1.8 times as high on the surface as in the center of the particle. However, it 
should be noted that about 60% of the mass of the particle is within lOpm 
surface. At a depth of 10pm, the temperature will lag that of the surface by only 12K, 
and the reaction rate will be only 35% lower. Such small differences in rate would 
normally not be apparent within the uncertainty of measurements in such high heating 

From a simple heat balance, the surface heat fiux to particles being 

q = dpcpB/6 = dkB/6a 

If particles of lmm are examined under the same 

At a nominal average heating rate of B=104K/s, 7 5 p  particles would support 

of its 
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rate experiments. 
Only at particle average heating rates of 105K/s and above do internal heat 

transfer limitations become important for typical pulverized-size particles. The surface 
heat fluxes implied by such heating rates are 300W/cm2 for 75 p n  particles, and 
temperature gradients of order 240K may be expected, based on the above analysis. It is 
then not surprising that at such fluxes (produced by laser radiation), Hertzberg and Ng 
(1987) observed a particle diameter effect on devolatilization half-life, with particles 
in the range 51-105~.  At 100W/cm2 irradiation, the effect of particle size was seen to 
be very small. 
~ ? 3 % % % o W / c m 2  flux), h h  
€or the t e m . D o r a l t v  of the Drocess le.9. equations of the form of A), 

At higher fluxes, pyrolysis is expected to exhibit the observed "wave" 
character, in which the onset of reaction coincides with penetration of the thermal wave 
into the coal. The temperature of the wavefront is easily predicted from equation A, 
setting ti=O and assuming for example that the appearance of the wavefront coincides 
with about 50% conversion for the most facile reaction (kinetic parameters cited earlier 
for such a reaction were A=2.11x1011s-1, E=lSlkJ/rnol). For a heating rate B-105K/s, the 
calculated Tm=960K is the apparent wavefront temperature. For B=1O4K/s. which would 
yield pyrolysis wave behavior only in "large" particles according to the above analysis, 
the apparent wavefront temperature is calculated to be about 870K. in good agreement 
with the observations of Hertzberg and Ng. 

It may be concluded further that for high fluxes or large particles, that 
the standard Arrhenius kinetic expressions, combined with standard heat transfer 
analysis, are sufficient to describe the rate of pyrolysis, without the need to resort 
to the concept of a "decomposition temperature". As shown above, such a temperature 
would be a function of heating rate and reaction kinetics, and thus not a fundamental 
quantity. 

coal are still hampered by the lack of good thermodynamic and transport data on these 
systems. Even if the data on heats of reaction and latent heats were available, 
construction of a robust heat transfer model would have to wait for simultaneous 
development of a mass transfer model, since the location of evaporative tar loss (and 
thus the associated heat sink) would not necessarily coincide with the location of the 
reaction front in the coal. 
.THE-EOLE OF MASS TRANSFER 

There has recently appeared an extensive review on modeling of mass 
transfer limitations in coal pyrolysis (Suuberg,l985), and this material will not be 
repeated here. Since the publication of that review, there have been a number of 
developments in understanding the processes involved, and these will be briefly 
summarized. As usual ,  a distinction is drawn between processes that are mainly of 
relevance in softening coals, and those that occur in the porous structure of 
non-softened coals. 

. .  t for tv ' 

rate exDression that accounts 

v accounting for 1- 
, .  . 

More detailed analyses of the combined heat transfer-reaction processes in 

r in So- 
A major unresolved issue is that concerning the handling of bubble 

transport of volatiles, and whether it plays the dominant role in determining tar yields 
during pyrolysis. It has been shown that models which involve transport of volatiles out 
of the coal through bubbling-type behavior can indeed capture many essential features of 
the process (Lewellen,1975;0h et a1.,1983,1984). However, it has also been shown that a 
simple model in which liquid phase diffusion controls the rate of escape of tars might 
also explain the tar yield data equally well for pulverized particles (Suuberg and 
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Sezen, 1985). Thus it is not yet clear what role the bubbles must play in transporting 
tars. Further work on this lattir model has, not surprisingly, revealed that liquid 
phase diffusion is most likely not fast enough to explain tar yields from particles much 
larger than about lOOpn, under high heating rate conditions. Consequently, the evidence 
favors at least some role of bubbles in helping remove the tar from the particles, since 
no other convective mechanism is evident. A new, semi-empirical model of bubble 
transport has recently been proposed. 

are carried out in small bubbles that are nucleated by light gaseous species and oils. 
Solomon (1987) proposes an analogy of cups on a conveyor belt-each cup can carry out a 
certain amount of tar, as determined by the saturation vapor pressure of the tar. The 
effect of pressure on tar yields is seen through the effect on the size of the cups-the 
higher the pressure, the smaller the cup, and the less tar it transports. The smaller 
the rate of tar transport out via the cups, naturally the longer the residence time of 
tars in the particle, and the greater the opportunity for yield reducing cracking/coking 
reactions. More formally, each bubble is assumed saturated with respect to all tar 
species present in the surrounding liquid. Assuming ideal vapors and liquid solutions, 
the total number of moles of a tar species of molecular weight Mi in a bubble is: 

This new model of bubble transport of tar volatiles proposes that the tars 

ni = PiVb/RT - Pioxi(vg+Zvj)/RT 
where v is a volume, with the subscript b referring to the whole bubble, g referring to 
the fixed gases in the bubble, and j to the volume contribution of the tars themselves. 
The quantity xi is a liquid phase fraction of species i and Pio is its vapor pressure. 
The of escape of the tar species i 1s governed by the rate of escape of bubbles 
from the particle, which is given, at constant pressure, by the total volumetric rate of 
escape of bubbles: 

where Ni is the same as ni multiplied by the total number of bubbles that escape, and Vt 
is the total volume of all volatiles, which is related by the ideal gas law to the total 
number of moles of volatiles, Nt. 
The implied inverse pressure dependence of the rate of tar escape is the same as was 
previously noted based on another model-one in which film diffusion controls the rate of 
tar escape (Suuberg et a1.,1979,1985; Unger and Suuberg,l981). In that model, the rate 
of tar escape was given for a particle of radius R by: 

where the inverse pressure dependence is implicit in the vapor phase diffusion 
coefficient of tar in the gas film around the particle (D).Either model will predict a 
variation Of molecular weight distribution with pressure (see Suuberg et a1.1985). 

Solomon (1987) has noted that the rate of escape of the bubbles from the 
coal should be linked to the size of the particle, the viscosity of the coal melt (p), 
and the pressure difference between bubble and ambient (AP). The latter effect is 
proportional to dNt/dt, leading to the following suggested empirical form for the rate 
of tar escape: 

dNi/dt = (PiOxi/RT)dVt/dt = (pioxi/Ptot)dNt/dt 

The pressure Ptot is the prevailing ambient pressure. 

dNi/dt = 4nt7DxiPio/RT 

dNi/dt=(clPi'xi/RPtotP) (dNt/dt) [1/ (Ptot+AP) 1 
=(clPioxi/RPtotP) (dNt/dt) (11 [Ptot+c2 (dNt/dt) I 1 

As of this writing, equations of this form are being tested. - 
There has been relatively little new work in this area since it was last 

reviewed, except that the standard pore transport analysis has been extended to account 
for temporal nonisothermality (Bliek et a1.,1985). This area awaits further work on the 
question of how pressures affect yields of tar volatiles in non-softening coals. It 
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seems clear that pressure affects the rate of convection and diffusion. But is this in 
turn affecting tar yields by virtue of an impact on the residence times of vapor phase 
species in pores (affecting the residence time for vapor phase cracking/coking) or by 
virtue of an impact on evaporation rate of tar species (affecting the residence time for 
condensed phase cracking/coking)? It also appears necessary to clarify what role if any, 
is being played by microporous transport, under reactive conditions. The distinction 
between micropore transport and bulk diffusion remains hazy. 
ACKNOWLEDGEMENT 
The support of the USDOE through grant DE-FG22-85PC80527 is gratefully acknowledged. 
REFERENCES 
Anthony,D.B., J.B.Howard.H.C.Hotte1, and H.P.Meissner, 15th SVmpLLTDt.1on camb, ,p1303 

Badzioch, S . ,  D.R.Gregory, M.A. Field,Fuel.43,267 (1964) . 
Baum,M.M. and P.J. Street,Gomb. Sci. and T e u  ,231 (1971). 
Bliek,A.,W.M.vanPoelje,W.P.vanSwaaij,and F.P.van Beckum, AIChEJ.,1666 (1985). 
Briggs,D.K. and F . P o p p e r , p  ,369 (1957). 
Burke,S.P.and V.F. Barry, m, 15 (1927). 
Davis,J.D., L&LLXUL,726 (1924). 
Oavis,J.D. and Place,P.B.,I&KJ.UX,589 (1924); W . 4 3 4  (1924). 
Field,M.A., D .  Gill, B.Morqan, and P. Hawksley, ,81 (1967). 
Freihaut, J.D., and D.  J.Seery, of Fuel 
Gavalas,G.R.,Coal Pvrolv &Elsevier, New York,1982. 
Homann,K.H., 16th S y ! . )  on Comb, ,p717,The Combustion Institute, 1977. 
Hert2berg.M. and D.Ng, paper presented at NATO Advanced Research Workshop on 

,33 (1965). 
,19 (1968). 

Kirov,N.Y., 
Lee,A.L.,m Div.F- 
Lewellen,P.C., M.S. Thesis, Dept. of Chem. Eng., M.I.T., Cambridge, Mass., 1975. 
Mahajan.0.P.. A. Tomita, J . R .  Nelson, and P.L. Walker, J r . , U  Oiv. Fuel C h n .  

Oh,M.,W.A. Peters, and J.B. Howard, Proc.Int. Conf. on Coal S &,p483, IEA (1983). 
Oh,M.,J.B.Howard,and W.A.Peters,"Modeling Volatiles Transport in Softening Coal 

Particles, paper presented at the AIChE annual meeting, November,l984. 
Sharkey,A.G.,Jr. and J.T. McCartney,in GI=L of Coal U w n .  Second SuDD1.vol. 

M.A. Elliott,Ed. ,p198, Wiley, New York, 1981. 
Solomon, P.R., AE'R,Inc., personal communication (1987). 
Suuberg,E.M., in -€- , R.Schlosberg,Ed., p67, Plenum, 1985. 
Suuberg, E.M., W .A.Peters, and J.B.Howard,-.) on Comb., p117, The 

Suuberg,E.M.,W.A. Peters, and J.B. Howard,= Proc. Des. and Dev..lT ,37 (1978). 
Suuberg,E.M. and Y. Sezen, ' ,p913, Pergamon (1985). 
Suuberg,E.M., P.E. Unger and W.D.Lilly, -956 (1985). 
Unger, P .E. and E .M .Suuberg,-t 1 on Comb. ,p1203,The Comb. Inst.,1981. 
Unger,P.E. and E.M.Suuberg,Fuel.,606 (1984). 
Unger, P.E. and E.M. Suuberg, BCS Div. F-r . ,28 14). ,278 (1983). 

The Combustion Institute, 1975. 

(4), 265 (1983) I .  

Fundamentals of Physical Chemistry of Coal Comb., Les Arcs, France.1986. 

w., 20 (3L, 19 (1975) . 

. .  I 

Comb. Inst., 1979. 

58 



DIFFUSIONAL CONTRIBUTIONS TO VOLRTILE RELEASE IN PYROLYZING COAL PARTICLES 

Whendra K. Miara and Robert H .  Esaenhigh 

The Obi. S t a t e  Ilniv.?i-sity 
Ee?epartmer.t of Xechanical Er:gineering 

206 We:;? l-qth Avenue 
Columbus, C3io 43710 

sD!!m!Lx 
Unsteady s t a t e  c a l c u i a t i s n s  of pyrolyzinc; coa l  ?epar:ic:es uzder slow snd r a p i d  

hea t ing  have been compared wi th  experimental  &?a f o r  p a r t i c l e s  i n  t h e  size r snge  20 
microns t a  4 am.; and the  compsr n h&s shown, con t r a ry  t.3 i a ~ n o n  assumpti:.n, t h a t  
t h e  diFfusic.na1 escape i s  an impartant  f a i t o r  i n  determininc t h e  p y r o l y s i s  times far  
a i l  p a r t i c l e  siz.5. Py ro lys i s  t imes fcr : a r t i c l e s  g r e a t e r  chan 5C10 microns ran2e 
from 0.1 t o  10 sec: s::3 for p a r t i c l e s  l e s z  than 102 Xicrons ranpe f-;m 0.05 ti. .?.E. 
s r c  u i t h  an  unaspected ove r l ap  i n  t imes.  ?.'.is c.verlap is accwnted  for L:; assuminq 
t h a t  the d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  rscapinq v o l a t i l e ?  a r e  about 100 t imes 
g r e a t e r  (o rde r  o f  l0-'cp2/sec) .for t h e  l a r g e r  p a r t i c l e s  . t h a n  for  the  sma l l e r  
p a r t i c l e s  ( o r d e r  of 10-"cnL/sec!.  This  r e s u l t  r a i s e s  t h e  ques t ions  regarding pu re ly  
k i n e t i c  i n t e r p r e t a t i o n s  of py ro lys i s  r a t e  d a t a  fo r  nail p a r t i c l e s .  

1. INTRODUCTION 

In t h i s  paper w e  present  :omparison t.etween calcuzated and experimental  v a l u e s  
o f  py ro lys i s  : ines i n  the  p a r t i c l e  s i z e  range 20 microns tz 4 mi l l ime te r .  ?he 
experimental  d a t a  were taken from t h e  l i t e r a t u r e  C 1 - 1 7 1 .  The c a l c c l a t i o n s  at-* based 
on an  unsteady s t a t e  heat t r a n z f e r  model. with escape of v o l a t i l e s  a f t e r  chemical 
r e l e a s e  i n s l d e  t h e  p a r t i c l e  cont.rolled,  we assume, by d i f f u s i a r , a l  o r  convect ive 
escape. The model and a number of ot!ier r e s u l t s .  notably Lemperature-time 
d i s t r i b u t i o n  through a p a r t i c l e  and p r o f i l e s  of py ro lys i s  r e l e a s e  r a t e s ,  have been 
descr ibed e a r l i e r  [18,1?3. I n  t h i s  paper ,  we surrmarize t h e  elements G f  t h e  mcdel, 
t he  equat ions and computational procedures;  Focus h e r e  i s  rJn the  con t r ibu t ion  s f  the 
d i f f u s i o n a i  escape. 

In  pas t  e v a l u a t i x  of p y r o l y s i s  s t x d i e s ,  i t  has  gene ra l ly  teen concluded t h a t  
escape of py ro lys i s  products  fr-om p a r t i c l e s  below about 100 microns i s  so f a s t  a s  to 
b e  e f f e i t i v e l y  " instantaneous".  This  c o n c l u s i m .  however. i s  not I n  f a c t  supported 
by vali les of py ro lys i s  t imes i n  :he l a r g e r  da t a  j a s e  now ava i l ab le ;  and, as  we s h a l l  
show ir. t h i s  zaper ,  we have on ly  been a b l e  to  o b t a i n  aood agreement between the 
experimental  va lues  and our p red ic t ions  f o r  t h e  t imes,  and t h e i r  v a r i a t i o n s  u i t h  
diameter .  when a s i g n i f i c a n t  d i f f u s i o n a l  escape f a c t o r  i s  included i n  the  
c a l c u l a t i o n s ,  even f o r  p a r t i c l e s  a s  m a i l  a s  3% microns. T h i s  r e s u l t  c l e a r l y  r a i s e s  
ques t ions  regarding t h e  purely k i n e t i c  i n t e r p r e t a t i o n s  of py ro lys i s  r a t e  d a t a  f o r  
small  p a r t i c l e s  p re sen t& i n  t h e  pas t .  

A d a t a  base cons i s t inv  of t o t 6 1  py ro lys i s  t imes under d i f f e r e n t  cond i t ions  
from the  l i t e r a t u r e  was compiled for  compariscmn wi th  c u r  predicted va lues  of t imes 
and t h e i r  v a r i a t i o n  with p a r t i c l e  s i x .  The experimental  methods used included 
(mos t ly )  Drop-tube and or Heated-grid experiments,  c a r r i e d  out i n  i n e r t  atmospheres;  
and from experiments performed i n  t h e  presence of ox id iz ing '  atmospheres (most ly  
flame experiments) .  A summary of t h e  da t a  along with t h e  i n v e s t i g a t o r s  and the  
na tu re  of experimentat ion is g iven  i n  Tables 1 and 2 and i n  Figure 1. 

I n  t h e  majori ty  a f  the measuregents on cap t ive  p a r t i c l e s  E 1 1  (650 v a l u e s )  c o a l  
p a r t i c l e s  were cemented t o  s i l i c a  f i b e r s  and burnt between two e l e c t r i c a l l y  heated,  
F l a t  s p i r a l  c o i l s .  The burning t imes of t h e  v o l a t i l e s  were determined using a PE 
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ce l l ,  and t h e s e  t imes were assumed to  be equal  t o  the  py ro lys i s  t imes.  The 
experiment was c a r r i e d  out f o r  10 d i f f e r e n t  c o a l s  H i th  p a r t i c l e  s i z e s  i n  each case  
ranging from about 700 microns to 4 mi l l ime te r s .  For each coa l  type,  t h e  py ro lys i s  
t i m e  and t h e  p a r t i c l e  s i z e  could be r e l a t e d  Sy t h e  expression 

The va lues  of L and n a r e  l i s t e d  i n  Table 2: i t  can be seen t h a t  t h e  va lues  of K 
a r e  about 100 c.g\ls u n i t s ,  and t h e  index n i s  about 2 .  A s i m i i a r  r e s u l t  was ob ta ine8  
by Kallend and Ne t t l e ton  E21 i n  a similar experiment,  but with t h e  p a r t i c l e s  mounted 
on thermocouples. F igu re  1 shows t h a t  t h e  r e s u l t s  of t h e  two experiments a r e  i n  
c lose  agreement. Other  d a t a  a r e  fo r  p a r t i c l e s  smaller than  ZOO microns and have been 
taken most ly  from some of t h e  Drop-tube, Heated-grid,and flame experiments.  The 
py ro lys i s  times i n  t h e s e  c a s e s  have been def ined a s  t h e  time period between t h e  1% 
and 99% loss by weight of t he  u l t i m a t e  y i e l d  of V o l a t i l e  Matter.  The da ta  co l l ec t ed  
a r e  for heat ing r a t e s  ranging from l o 3  t o  10’ deg.K/sec. 

F i g u r e  1 shows an  unexpected ove r l ap  i n  t h e  p y r o l y s i s  t imes between t h e  l a r g e r  
p a r t i c l e s  below 100 microns,  and t h e  smaller  of t h e  cap t ive  p a r t i c l e s  above 700 
microns. A cont inuous curve from a s i n b l e  equat ion passing approximately through a l l  
d a t a  s e t s  would be a dog-leg,  which i s  unexpected. Also unexpected i s  t h e  appa ren t ly  
s t rong dependence o f  p y r o l y s i s  t imes on diameter  below 100 microns, con t r a ry  t o  t h e  
common b e l i e f .  It i s  t h e s e  two aspec t s  of behavior ,  i n  p a r t i c u l a r ,  t h a t  we a r e  
addressing i n  t h i s  paper.  

3. PHYSICAL 

The model i s  t h a t  o f  a p a r t i c l e  plunged i n t o  an  enclcsiire whose Temperature i s  
r i s i n g .  Heat t r a n s f e r  can be j o i n t l y  by conduction ( convec t ion )  and by r a d i a t i o n .  
The c a l c u l a t i o n s  show t h a t ,  i n  t h e  case  e f  t h e  cap t ive  p a r t i c l e s ,  r a d i a t i o n  on ly  
dominated over  conduct ion f o r  p a r t i c l e a  g r e a t e r  t han  2 mil l ime te r s .  The behavior i s  
an  unsteady s t a t e  so t h a t  temperature  nun-uniformit ies  can exist through t h e  
p a r t i c l e s ,  r e s u l t i n g  i n  v a r i a b l e  r a t e s . o f  p y r o l y s i s  a t  d i f f e r e n t  points .  Escape of 
t h e  products  is t r e a t e d  phenomenologically a s  a d i f f u s i o n a l  process ,  e i t h e r  a c t u a l ,  
and dependent on concen t r a t ion  d i f f e r e n c e s ,  or e f f e c t i v e ,  where t h e  a c t u a l  d r i v i n g  
fo rce  may be p r e s s u r e  d i f f e r e n c e s .  Cne o b j e c t i v e  he re  i s  t o  e s t a b l i s h  t h e  a c t u a l  or 
apparent d i f f u s i o n  c o e f f i c i e n t s  required t o  account f o r  t h e  experimental  r e s u l t s  as  
t a r g e t s  f o r  f u r t h e r  mechanis t ic  a n a l y s i s  using approximate pore and po re - t r ee  
models. 

4. M?iATHPIATICAL MODEL 

4 . 1  Governinq Equations: 

Heat Transfer :  For a p a r t i c l e  i n  a thermal  enclosure,  t h e  dimensionless  equa t ions  
f o r  hea t  t r a n s f e r  i n s i d e  and o u t s i d e  t h e  p a r t i c l e ,  desc r ib ing  t h e  change i n  
temperature.  8 ,  a s  a func t ion  o f  r a d i a l  d i s t ance ,  q, and t ime,  T, i s  

R, a w a T  = )acq2  3e/aqwan - c e x p ( - l / e ) &  ( 2 )  

where t h e  dimensionless  groups a r e  de f ined  a s  

e = RTIE ( 3 )  

( 4 )  
0 )  

T = (a /rz ) t  ; q = ( r / r  
P 

R = 1 f o r  q < 1: R = a /aa for q > 1. 
C P  

a n d 6 = l f o r q ( l  ; & = O f o r q > l  
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The q u a n t i t y  C i s  I 

The i n i t i a l  cond i t ions  a r e  ( f o r  T = 0) :  

for  0 ( q ( 1, e = 1 and f o r  1 i n < m. @ = e, 
and t h e  boundary condi t ions a r e  

Ca@/anlq=O = 0 ; Cel = 0 ( 6 )  q=m 

A t  t h e  p a r t i c l e  su r face ,  t h e  temperatures of t he  p a r t i c l e  and t h e  gas a r e  equa l ,  and 
t h e  hea t  f l ux  t o  the  p a r t i c l e  i s  the  sum of hea t  f l ux  from t h e  gas  and t h e  n e t  
r a d i a t i v e  heat  f l ux  from t h e  enclosure.  This  shows t h a t  t he  r a d i a t i o n  appears  as  a 
boundary cond i t ion  a t  t h e  p a r t i c l e  su r face .  

Py ro lys i s  i s  assumed t o  be a f i r s t - o r d e r ,  one-step r e a c t i o n ;  and t h e  h e a t  
absorbed i n  py ro lys i s  i s  

h = ok exp(-E/RT)(&H)(V - V) (7) 

Mass Transfer :  The governing equa t ions  f o r  t h e  d i f f u s i o n  o f  v o l a t i l e s  throuah t h e  
coa l  matrix a r e  of t h e  same form as  t h e  hea t  t r a n s f e r  equa t ions  and can be w r i t t e n  
a s  

am/at = ( i / r 2 ) a ( r Z D . a m / a i ) / a r  t Sm (8) 
1 9 where 

and 
m = u k exp(-E/RT)(Vo - V )  (9) 

0. 
S = l . D . = D  f o r r ( r  ; S = O , D . = D  f o r r ) r  i a  The boundar: conRit ions are' 

cam/arJrlo = o 

amjar = o a t o r  = m. 

CD 3 1 n / a r I ~ = ~  = L'Daam/arIr=r and mpart  = m . (10) a i r  
0 P 

Mass Loss: A t  any i n s t a n t  of t ime, t h e  flow r a t e  of v o l a t i l e s  o u t  of t h e  p a r t i c l e  
su r face  i s  

mt = 411rZD C a m / a ~ - I ~ = ~  (11) 
O P  

and t h e  t o t a l  mass loss d e r  a period t i s  g iven  by 
II 

Mt = 1: mtdt (12 )  
4 

4.2 So lu t ion  Procedures Eqn.(?) is transformed i n t o  a p p r o p r i a t e  d i f f e r e n c e  forms 
and 

a backward d i f f e r e n c e  approximation on t h e  t i m e  co-ordinate .  Qua t i c ins  Z and 8 can  
be w r i t t e n  i n  t h e  common dimensionless ,  d i f f e r e n c e  form 

1 f o r  s o l u t i o n  using a Cen t ra l  d i f f e r e n c e  approximation on t h e  s p a t i a l  coo rd ina te ,  

-n7f- , , ,e~~t/Aqz t CR c 1  qf/Ar + (!litlIz t q ~ - l , z ) / A q 2 % 3 ~ + 1  - 

' i t i / z  @nt1/Aq2 it1 = SCqfexp(-l/@:) t q f R  1 C l  @?/A= (13) 
B 
I 
i 

The r e l evan t  d i f f e r e n c e  equa t ions  were then solved numerical ly  us ing  a 
f u l l y  i m p l i c i t  backward-difference scheme and i t e r a t i n g  a t  each time s t e p  f o r  t h e  
non-l inear  terms. 

t 
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5.1 ?=lysis T i m e s :  Instantaneous Escape of V o l a t i l e  Matter: The r e s u l t s  of 
e a r l i e r  a t t empt s  t o  p r e d i c t  py ro lys i s  times and t h e i r  v a r i a t i o n  with p a r t i c l e  s i z e  
wi th  on ly  chemical k i n e t i c s  i n  t h e  model and d i t f u s i o n a l  escape omi t t ed ,  a r e  
presented i n  Fig.  2 ,  with the  experimental  da t a  of Fig.  1 included for comparison. 
These r e s u l t s  a r e  obtained by s e l e c t i n g  2 .  = m. 

It can be seen i n  Figure 2 t h a t  the' p red ic t ed  curve i s  sigmoid shaped -- 
l a r g e l y  under-predict ing t imes f o r  l a r g e  p a r t i c l e s  ( g r e a t e r  than 1000 microns)  and 
over-predict ing times f o r  small p a r t i c l e s .  The shape of t h e  curve a l s o  i n d i c a t e s  
t h a t  p y r o l y s i s  times a r e  i n s e n s i t i v e  t o  the  v a r i a t i o n  of p a r t i c l e  size i n  t h e  small  
s i z e  range. The p r e d i c t i o n s  a r e  good f o r  a small  i n t e rmed ia t e  range (1000 miilrons t o  
2000 microns) but t h i s  agreement would now appear to be f o r t u i t o u s .  Inc reas ing  t h e  
k i n e t i c  r a t e  by dec reas ing  t h e  a c t i v a t i o n  energy from 30 kcal lmole t o  25 kcal lmole 
d i d  not improve t h e  p red ic t ions .  Though t h e  py ro lys i s  t imes were reduced, t h e  
c a l c u l a t i o n s  s t i l l  over-predicted times f o r  smail  p a r t i c l e s  and under-predicted f o r  
l a r g e  p a r t i c l e s .  

Examination o f  t h e  ca l cu la t ed  temperatures of t h e  small p a r t i c l e s  du r ing  
p y r o l y s i s  showed t h a t  t he  p a r t i c l e s  would heat up t o  a f i n a l  temperature of about 
950 K without  s i g n i f i c a n t  py ro lys i s ,  and t h a t  t hey  then  pyrclyzed a t  cons t an t  
temperature;  i t  was a l s o  found t h a t  t h e  temperature  g r a d i e n t s  w i th in  t h e  small  
p a r t i c l e s  ( less  than  500 microns)  were i n s i g n i f i c a n t .  A t  constant  temperature ,  
p y r o l y s i s  i s  a volumetr ic  process:  t h e  p y r o l y s i s  t ime then depends on t h e  
temperatures  of t h e  p a r t i c l e s ,  and i s  independent o f  t h e  p a r t i c l e  s i z e .  The f i n a l  
temperatures  a t t a i n e d  by the  small  p a r t i c l e s  were about the same. This  i s  the  sou rce  
o f  t h e  f l a t t e n i n g  o f  t h e  p red ic t ed  curve i n  t h e  small  p a r t i c l e  range. Althoogh t h i s  
supports  t h e  common b e l i e f  t h a t  p y r o l y s i s  being independent of partiacle s i z e  below 
100 microns,  i t  i s  c l e a r l y  con t r a ry  to t h e  f a c t s .  It a l s o  emphasizes t h e  
inadequacies  of t h e  assumptions,  and t h e  need t o  re-examine them ( fo l lowing) .  

The under-predict ion of py ro lys i s  t imes f o r  l a r g e  p a r t i c l e s  i nd ica t ed  by Fig.  
2 suggests  t h a t  escape time is  important  f o r  such p a r t i c l e s .  When t h i s  assumption 
was incorporated i n  t h e  model equat ions,  i t  was then  found to  be app l i cab le  t o  a l l  
p a r t i c l e  s i z e s .  

5 .2  Pyro lys i s  Times: D i f fus ion  of Pyro lvs i s  Products :  With d i f f u s i o n a l  escape 
included i n  t h e  mcde:, the r e s u l t s  i l l u s t r a t e d  i n  Fig.  3 were obtained.  F i a u r e  3 
shgws 3 d i f f u s i o n a l  e scape  t imes,  using d i f f u s i o n  c o e f f i c i e n t s  of lo-' 
cm /sec.  Tu o b t a i n  t h e  l i n e s  shown, an adjustment t o  t h e  v e l o c i t y  cons t an t  
c o e f f i c i e n t s  was necessary:  otherwise,  t h e  ca l cu la t ed  times were high bj: one or two 
o r d e r s  of magnitude. The f i t  was obtained by reducing t h e  a c t i v a t i o n  energy from 30 
t o  12 kcal lmole.  T h i s  i s  s u b s t a n t i a l l y  below t h e  va lues  quoted f o r  i n d i v i d u a l  
r e a c t i o n s  i n  a m u l t i p l e  p y r o l y s i s  model, but i t  i s  of t he  t y p i c a l  magnitude found by 
f i t t i n g  a s i n g l e  s t e p  to m u l t i p l e  r e a c t i o n s  C31. 

The f i t  t hen  shows t h a t  t h e  s e p a r a t e  t r ends  of t h e  l a r g e  and t h e  small 
diameters  can  be accounted f o r  by a t t r i b u t i n g  t h e  major d i f f e r e n c e s  t o  t h e  d i f f e r e n t  
d i f f u s i o n  r a t e s .  Second o r d e r  v a r i a t i o n s ,  to t h e  e x t e n t  t h a t  t hese  can be 
i d e n t i f i e d ,  can be a t t r i b u t e d  t o  d i f f e r e n c e s  i n  t h e  a c t u a l  k i n e t i c s .  

. 

6. DISCUSSION 

The p r i n c i p a l  problem then  remaining is t o  account f o r  t h e  very d i f f e r e n t  
d i f f u s i o n  c o e f f i c i e n t s  ( by two o r d e r s  of magnitude) between the " l a rge"  and t h e  
"small" p a r t i c l e s .  It is no t  a ma t t e r  of ox id iz ing  or non-oxidizing ambient 

. atmospheres s i n c e  t h e  small  p a r t i c l e  group inc lude  some va lues  obtained i n  f lames.  
Two p o s s i b l e  exp lana t ions  can  be advanced. One f a c t o r  t h a t  can be s i g n i f i c a n t  i s  t h e  
ex ten t  of swel l ing.  It i s  now gene ra l ly  agreed t h a t  ( s m a l l )  p a r t i c l e s  hea t ing  
r a p i d l y  swe l l  on ly  marginal ly  or  not a t  a l l  C191. With t h e  l a r g e  p a r t i c l e s ,  swe l l ing  
was ve ry  ev iden t  -- wi th  t h e  except ion of t h e  a n t h r a c i t e  -- with measured swe l l ing  
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f a c t o r s  average 1.5 f o r  a l l  t h e  c o a l s  (except  f o r  t h e  a n t h r a c i t e )  CZOI. This  
explanat ion,  however, does not  account f o r  t h e  behavior of t h e  non-swelling 
a n t h r a c i t e  whose l a r g e - p a r t i c l e  p y r o l y s i s  times do not d i f f e r  s i g n i f i c a n t l y  from 
those  of t h e  bituminous coal .  

I f  swel l ing i s  not  r e spons ib l e  f o r  t h e  d i f f e r e n c e s  we must p o s t u l a t e ,  i t  would 
seem, some un iden t i f i ed  d i f f e r e n c e s  i n  t h e  mechanical p r o p e r t i e s  of t h e  c o a l s  t h a t  
a r e  s o l e l y  p a r t i c l e  s i z e  dependent,  and which inc lude  a n t h r a c i t e .  One such p rope r ty  
could be microcracks i n  a l l  p a r t i c l e s  g r e a t e r  than about 100 microns so t h a t  t h e  VM 
escape r a t e  i n  smaller  p a r t i c l e s  can be diffusion-dominated, generat ing t h e  l e f t -  
hand d a t a  s e t  of Fig.  3. I f  t h e  VM escape through t h e  microcracks of l a r g e r  
p a r t i c l e s  was then instantaneous,  a l l  p y r o l y s i s  times of p a r t i c l e s  about 100 microns 
would l e v e l  off  a t  about 0.5 sec. ,and t h e  l i n e  would become hor i zon ta l  i n  t h e  r i g h t -  
hand segment of t h e  graph. I f  escape through t h e  microcracks i s  no t  i n s t an taneous ,  
and i s  governed by some form of d i f f u s i o n  mechanism, t h e  l i n e  t o  t h e  r i g h t  would 
then  rise with p a r t i c l e  s i z e ,  as  it does  i n  f a c t .  

The same q u a l i t a t i v e  r e s u l t  i s  obtained i f  we assume, a l t e r n a t i v e l y ,  an a r r a y  
o f  microcracks a t  a l l  p a r t i c l e  s i z e s ,  and with microcrack s i z e  diminishing wi th  
p a r t i c l e  size. 

Th i s  i s  a l l  hypo the t i ca l  a t  t h i s  t i m e  but i t  does i n d i c a t e  t h e  l i n e  of 
t h ink ing  t h a t  would appear t o  be necessary a t  t h i s  time t o  account f o r  t h e  observed 
r e s u l t s .  

7. MNUUSIONS 

1. The experimental  d a t a  on t h e  v a r i a t i o n  of p y r o l y s i s  t i n e s  wi th  diameter  
c l e a r l y  show in f luence  of p a r t i c l e  s i z e  over  t h e  s i z e  range 20 t o  4000 
microns. 

2. The dependence of p y r o l y s i s  t imes on diameter  i s  i n t e r p r e t e d  a t  t h i s  t i m e  
as being due t o  t h e  in f luence  of ( d i f f u s i o n a l )  escape i n  t h e  p y r o l y s i s  
mechanism. This  is i n  agreement with convent ional  views of p y r o l y s i s  
g r e a t e r  than 100 microns; but  i t  con t r a ry  t o  those  views f o r  p a r t i c l e s  l e s s  
t han  100 microns.  

3. A s i n g l e  l i n e  or  band drawn ( e m p i r i c a l l y )  through a l l  t h e  d a t a  has  a 
sigmoid (dog-leg)  shape t h a t  cannot a t  t h i s  t ime be accounted f o r ,  
t h e o r e t i c a l l y ,  by any model t h a t  excludes diameter-dependent parameter 
c o e f f i c i e n t s .  

4.  The two extreme segments of t h e  sigmoid curve can be p red ic t ed  by 
a r b i t r a r i l y  assuming t h a t  va lues  of a d i f f u s i o n  c o e f f i c i e n t  governing VM 
escape d i f f e r  by two o rde r s  of magnitude. 

5. Mechanistic reasons f o r  any such d i f f e r e n c e  i n  d i f f u s i o n  c o e f f i c i e n t s  a r e  
not  c l e a r  a t  t h i s  time. Some f a c t o r s ,  such as t h e  in f luence  of t h e  
composition of t h e  ambient atmosphere (ox id iz ing  or non-oxidizing)  can 
appa ren t ly  be ru l ed  ou t .  A t e n t a t i v e  exp lana t ion  i n  terms of microcracks i s  
suggested but  t h i s  needs t o  be t e s t e d  by approximate a n a l y t i c a l  
developments and phys ica l  examinations.  

We would l i k e  t o  acknowledge t h e  support  of M r .  J. Hickerson, Department of 
Energy ( c o n t r a c t  # DE-AC22-84PC-70768) and ET. D. Seery,  United Technologies 
Research Center ( c o n t r a c t  # 101404) i n  funding t h i s  p ro jec t .  

: d i f f u s i o n  coe f f .  i n  a i r  (cmZ/s) D 
kp : r a t e  cons t an t  ( 6  ) 

: d i f f .  coe f f .  i n  p y t i c l e  (cm2/s)  $ : a c t i v a t i o n  energy (kcal lmyle)  
ko : preexponent ia l  f a c t o r  ( 8  ) m : mass conc. of VM ( g l c c )  
m : v o l a t i l e  gene ra t ion  r a t e  (g/cm3s) qr : r a d i a t i v e  heat  f l u x  (callcm's) 
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r : r a d i a l  d i s t a n c e  (cm) 
R : g a s  constant  ( ca l /mole  deg.K) 
T : Temperature (deg.K) 
T : I n i t i a l  Temperature (de5.K) 

V z  : u l t i m a t e  v o l a t i l e  y i e l d  ( % )  
a : thermal  d i f f u s i v i t y  i n  p a r t i c l e  
qp : dimensionless  r a d i a l  d i s t a n c e  
A : thermal  conduc t iv i ty  of c o a l  
oP : d e n s i t y  of c o a l  (gram/cc)  
ep : dimensionless  temperature  

r : r a d i u s  of a p a r t i c l e  (cm) 
t' : t ime ( s )  

V : v o l a t i l e  y i e ld  ( 5 )  
a : thermal d i f f u s i v i t y  i n  a i r  
hil 
.Aa u : d e n s i t y  of a i r  (aram/cc)  
-ra : dimensionless  t ime 

: hea t  of r e a c t i o n  ( ca l /g ram)  
: thermal conduct ivi ty  of a i r  
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Table 1: Pyrolyris Times from Drop-tube (DT) 
Heated -grid (HG), and Flame (F) Experiments. 

Investigators Particle Size Heating Bate Pyrolysis 
(microns) (deg.l[/sec) Time (sec) 

Anthony C31 

Nsakala [91 
Niksa CB3 
Kobayashi C61 
Howard C53 
Smoot E131 
Thriny C151 
Ubhayakar C161 
Seeker C121 
Peter C103 
Desypris C41 

Maloney C71 
Solomon C143 

53-83 

64 
125 
37-44 
< 200 
21 
< 100 
< 74 
80 
1200 
126 
44 
62 
53-74 
44-74 
44-74 

lou 0.1 

9 y l o 3  0.2  

> loy 0.1 
10' 0.2 
lo4 0.05 

3 x 103 0.3 

10--10" 0.5 

- 0.1 
> 10" 0.011 
lo9 0.08 
200 3.5 

0.5 
0.5 
0.17 

- 

lou 0.064 

4 x lo4 0.023 
3 x lou 0.02 

HG 

ET 
HG 
DT 
F 
F 
F 
DT 
Shock Tube 

HG 

DT 
DT 
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Table 2: Valuer of the vo la t i l e  combuation conatanta (Kv and n ). 
(Source: Ref. 1) 

percentage.) 
(The e r r o r s  i n  Kv a r e  between 2 and 5% , t h e  e r r o r s  given aga ins t  n a r e  i n  

COAL VM% (d .a . f )  K, (c.g.s u n i t s )  n 

1. S t a r l l y d  
2. Five f t .  
3. Two f t .  Nine 
4. Red Vein 
5. Garw 
6. Si lks tone  
7.  Winter 
8. Cowpen 
9. High Hazel 
10. Lorraine 

9.9 
14.9 
28.8 
23.3 
30.6 
41.5 
39.3 
40.2 
40.7 
40.2 

44.6 
30.0 
120.0 
86.6 
96.8 
91.6 
93.6 
91.4 
134.0 
98.9 

1.82 f 4.13% 
2.32 2 4.378 
2.63 f 3.33% 
2.19 f 4.22% 
2.06 2 2.14% 
2.19 f 3.86% 
2.24 f 3.188 
2.15 f 3.28% 
2.23 2 2.79% 
2.14 2 2.55% 

4 

-b 

F .  
+* 
n q  

1: 
0 

Figure 1. Experimental values  of  v a r i a t i o n  of t o t a l  pyro lys i s  times 
wi th  p a r t i c l e  s ize .  Values a r e  l i s t e d  i n  Tables 1 and 2. 

0 Anthony.. Nsakala. 4 N i k s a . V  Howard. & Kobayashi. II Smoot. * Thring. 1 Solomon. X Maloney. +Desypris, Oubhayakar. 
o Pe ters .  v Seeker. 
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C .  

- k= 1 E 8 l/sec. 
f E = 30 kcal/mole. 

0 --c k = 1 E 10 l / S e C .  
E = 25 kcal/mole. 

Figure 2. Comparison of the calculated and experimental variat ion of 
pyro lys i s  times with par t i c l e  s i z e .  The calculat ions do not  
include the d i f fus iona l  escape of VM. 

Figure 3.  Comparison of calculated and experimental variat ion of 
pyrolysis  tines with par t i c l e  size. The calculat ions include 
the d i f fus iona l  escape of VM. 
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